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THE IODIDE METHOD OF REFINING ZIRCONIUM.
THE TRANSFER OF NONMETALLIC ADDITIONS DURING RWINING

V. S. Yemel'yanov
A. I. Ybvstyukhin
D. D. Abanin

Evegc, of the Prpblem

In the last ten years the iodide method of refining has become the
most important final stage in the production of reactor-purity zirconium.
Iodide zirconium, a new structural metal, has been adopted and is being
used successfully in various new technologies. It is better than unre-
fined metal obtained by the methods of metallotheruy and electrolysis with
respect to purity and properties. The advantages of iodide zirconium over
other sorts of metal are especially manifest in its high corrosion resis-
tance (approaching the noble metals) and high plasticity which makes it
possible to fabricate articles of very complex configuration from it. A
number of papers have been published in connecti n wih the industrial
use of the iodide method of refining zirconium Ll-w4J. They are devoted
to a study of this process and the equipment that is used.

However, some details of the process and some of the possibilities
of the method have not been clarified fully as yet. One of these questions
is the transfer of additions from the starting metal into the refined
metal during iodide deposition of zirconium on a hot filament. The data
that are given in this paper were obtained in experiments on obtaining
zirconium of especially high purity in our laboratory.

Iodide zirconium of industrial purity normally contains the follow-
ing nonmetallic additionss 0.01-0.02% oxygen, 0.01% nitrogen, 0.003%
hydrogen, and 0.01% carbon. The zirconium for physical research must have
considerably less nonmetallic additions. It was proposed to reduce the
content of nonmetallic additions by repeated iodide refining.
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Our laboratory experiments showed that 2-fold and 3-fold refining
of zirconium by the iodide method reduces the content of these additions,
but less than could be expected. Table 1 shows the results of analyses
for the content of nonmetallic additions of industrial iodide zirconium and
metal after 2-fold and 3-fold iodide refining.

Table I

Content of Nonmetallic Additions in Iodide Zirconium

Number of Iodide Hooep Addition Content, wt. %
Refining Repetitions Nitro.I gen loxy "g en y "ro-l'"'

Initial electrolyti I
Dowder , 0,110 0,420 0,005 0,115Single-fold I 0.010 0.020 0,0030 0.026

2 0,010 0.025 0.0028 0,030.. . . 3 0.010 0,021 0,0025 0.028o-fold1 0,003 0,016 0.0018 0.0090 0.003 0,019 j.005 0o0080 0.003 0.01 0.001 0,00

Three-fold 1 0,002 0009 0,0010 0,004
2 0.0015 0:010 0,0011 0,003
3 0.001 0,009 0,0010 0,004

It is seen from the data in Table 1 that the nitrogen content in
zirconium with one-time refining is reduced approximately ten times and
the oxygen content is reduced twenty times. Upon two-fold refining the
nitrogen content is reduced by about three times and the oxygen only by
1.2 times. In three-fold iodide refining the nitrogen and oxygen content
in the zirconium is reduced even more in comparison with two-fold refining
but it is of the same order of magnitude as observed in two-fold refining.

The carbon content in zirconium in one-time iodide refining is re-
duced by about five times and in two-fold refining it is reduced by three
times; in three-fold refining it is reduced by only about two times. The
hydrogen content in zirconium in two-fold and three-fold refining almost
does not change. There is some basis to assume that the content of addi-
tions in zirconium will be reduced still less upon further increase in the
number of repetitions of the iodide refining process.
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Iij pointed out in works studying the iodide process of refining
metals ?5j that at relatively low temperatures oxides, nitrides, and
carbides of zirconium do not interact with the iodide and do not form
volatile compounds, and do not breakdown into component parts. In ac-
cordance with thermodynamic data, these additions should not transfer from
the initial metal and deposit on the filament. However, in practice these
additions do transfer and the transfer mechanism to this point is unex-
plained. The phenomenon of transfer of nonmetallic additions in the iodide
refining process was demonstrated especially graphically in one of our
works L 4_ when zirconium carbide was used as the initial raw material.
We observed the deposition of zirconium carbide on the filament (but not
metallic zirconium) and could not explain this phenomenon.

However, in the work of the Australian researchers, Sciefe and
Wylie [6]/ it is reported that very pure thorium was obtained from its
carbide using the iodide method (carbide had an oxygen content of less
than 0.001% and carbon less than 0.005%). The authors indicate that the
transfer agents of the carbon and hydrogen during iodide refining can be
C2H2 and CO which will breakdown (disassociate) on the hot filament with*
a generation of C, 02, and H2 . The latter do not react with the filament
and once again interact with the carbon in the raw material.

Acetylene and carbon dioxide vapors can accumulate during the re-
fining process as a result of the interaction of the adsorbed water vapors
(not completely eliminated from the raw material during degasification)
with hydrogen and carbon that are also in the raw material. The authors
of this work [6] calculate that when the iodide thorium is contaminated
with oxygen in the amount of 0.001% and with carbon in the amount of 0.005%
the pressure of the C2H2 in the equipment should be of the order of 0.5 m
of mercury and the pressure of the CO should be about 1 n of mercury.

Lunem [-7 also points to the interaction of carbides and oxides
as the source of the CO vapors that form in the hood. He says that the
formation reaction of CO occurs when the initial metal is superheated,
particularly due to the radiation of the filament, to a temperature above

In our work we set ourselves the task of explaining experimentally
the possible transfer of nonmetallic additions in repeated refining of
zirconium and establishing the effect of varying degrees of degasification
of the raw material on the transfer of additions.

Researoh MethodoloSy

At first the experiments on repeated refining of zirconium were con-
ducted in hoods made from molybdenum glass 100 mm in diameter and 200-800
long. The degasification of the raw zirconium before iodide refining was
done at 350-400oC at a vacuum of no less than 10-4 = of mercury. During
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the refining process zirconium rods weighing 350-450 grams and 8-9 mm in
diameter were obtained. It was noted that in obtaining rods of this
thickness the raw material was superheated to 500-530OC due to the radia-
tion of the filament (in comparison with 300-3200C for normal conditions)
and the temperature of the outer walls of the hood reached 4500C. Under
these conditions as is known, the glass begins to give off oxgen which
can serve as an additional source of contamination. Therefore, other con-
ditions and methodology were selected which precluded the possibility of
transfer of additions and contamination of the metal. The initial metal
was degasified at a higher temperature and during the refining process the
hood was heated to a lower temperature. To avoid superheating of the raw
metal from the radiation of the filament the zirconium rods were kept to
a thickness of 4-5 mm.

During the course of the work the raw zirconium was separately de-
gasified and refined. Pre-degasified zirconium was put into the refining
hood in quartz ampules at a high temperature. Then the hood was heated
and worked at a lower temperature (300-3200C). The refining hood 1 (see
the drawing) was made from molybdenum glass and was 100 mm in diameter and
500 mm long. On one end of the hood current-conducting electrodes 2 were
soldered. They served two molybdenum rods 8 mm in diameter. A tungsten
filament 3 that was 0.05 mm in diameter was fastened to them. The zirco-
nium was deposited on the filament. On the other end of the hood a tri-
angular Joint 4 with two seals was fastened. Into this the ampule 5 with
the iodide was placed. A quartz branch 6 was let off the main tube into
which the raw metal was placed during degasification.

Equipment for Iodide Refining of Zirconium With High-Temperature
Degasification of the Metal.

During degasification the hood was heated to 3500C and the quarts
branch with the metal was heated to 8500C. The tungsten filament was
heated at 15000C. The vacuum in the hood was maintained at no less than
10 - 4 mm of mercury. After degasification the hood was separated from the
vacuum system, the iodiae was distilled into the hood, and the zirconium
from the branch also dropped into the hood.
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In subsequent experiments the degasification of the raw metal was
done separately in quartz ampules at 900-9500C and at a vacuum of 10-4 mm
of mercury for 20-25 hours. After this, the zirconium was placed in the
hood without the quartz branch and the evacuation was done at 35000. Then
the hood was placed in a furnace and heated to 2500C. After the formation
of zirconium iodide the filament heating was begun.

During the deposition of zirconium the temperature of the filament
was maintained in the range 1200-13000C and the temperature of the hood
did not exceed 300-3200C. The deposition of the zirconium lasted 15-20
hours. The yield of zirconium was more than 95%. At the point of the raw
metal a fluffy residue was left which consists basically of oxide films
and zirconium nitrides. The final diameter of the rods of zirconium did
not exceed 4-5 mm.

An electrolysis zirconium with a low content of metallic additions
was used as the raw material for refining. In the first experiments this
zirconium was used as a powder. In subsequent experim'nts it was remelted
in an arc furnace and chips were made from the ingots. The iodide was
premixed with CaO and NaJ to bind moisture and chlorine. Then it was taken
out of this mixture in a vacuum. Then the iodide was subjected again to
2-fold resublimation in a vacuum and distilled in ampules.

A Discussion of the Results of the Experiment

Table 2 gives the typical analyses of the initial electrolytic
zirconium for carbon, nitrogen, oxygen, and hydrogen content and also
analyses of tnis metal aSter single iodidc refining using the methodology
described above.

Table 2

Content of Nonmetallic Additions (in wt.%)
in Electrolysis and Iodide Zirconium

Zr N, 0, C He

Electrolytic 0,os 0,400 0,008 I 0,006
Iodide. .. .0,002 0,0 0,004 0,0004

It is seen from these data that as a result of single iodide re-
fining using the methodology described zirconium was obtained with very
low hydrogen and oxygen content. Such low contents were not achieved



before by using three-fold iodide refining by the normal method. However,
the nitrogen content in the iodide zirconium was reduced by only 2.5 times
and the carbon content by only 2 times. The low extent to which the nitro-
gen and carbon contents are reduced in comparison with the hydrogen and
especially the oxygen content can be explained by the insignificant con-
tent of these additions in the initial zirconium.

The rodsof the iodide zirconium were extremely plastic (Brinell
hardness 40-45 kg/mm2 ) with very clean grain boundaries and had excep-
tionally high corrosion resistance.

From the data that have been given it can be concluded that in
iodide refining of zirconium using the methodology that has been described
.a very high purity of metal with respect to nonmetallic additions (carbon,
oxygen, nitrogen, and hydrogen) can be attained. Besijes, it also follows
from these data that the mechanism of the transfer of additions during_
iodide refining that was proposed in the work of Sciefe and Wylie L 6_/
is very close to the truth. However, direct proof can be obtained only
by analysis of the gas phase in the hood.
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THE FFECT OF HYDROGEN AND NITROGEN ON THE CORROSION
RESISTANCE OF ZIRCONIUM IN WATER AND STEAM

V. N. Yemel'yanov
N. V. Borkov

1. The Effects of Hydrogen

Many papers [1-4J have been devoted to the interaction of
zirconium with hydrogen. Many authors have made special studies of the
effects of hydrogen on the corrosion resistance of zirconium in water and
steam. Hydrogen contained in the metal as an addition before the begin-
ning of the corrosion process and hydrogen which gets into the metal during
the corrosion process have an effect on the corrosion resistance of
zirconium.

In this paper we are attempting to obtain direct proof of the effect
of the hydrogen in the metal on the corrosion resistance of zirconium in a
water vapor medium. Therefore, we prepared zirconium specimens with
various predetermined amounts of hydrogen and subjected these specimens to
corrosion tests. Two series of experiments were conducted in order to
obtain more reliable results. In both series the tests were conducted in
a water vapur medium at 3500C and a pressure of 10 atmospheres.

Prearation of Speciens

The :iitial material with iodide zirconium refined in an arc fur-
nace with a consumable electrode and rolled into a sheet 1 an thick. The
typical content of additions in the initial metal is shown in Table 1.
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Table 1

Additions in the Initial Metal

Addition Content, wt. % Addition Content, wt. %

N. 0 ,0002 Ni 0.001
0; 0,006-0.009 Cr 0,004--0,006

o.oo01 Ti 0.0013--0,0016
Si 0.02--0.03 CM 0,0006
Fe 0.035-0.075 0,01 "-08

Specimens of the first series were prepared on a special die and
had the shape and dimensions shown in Figure 1. Specimens of the second.-
series were rectangles 30 x 8 mm.

7= 40 ..

Figure 1. The Shape of the Specimens of Zirconium in the ?irst
Series of Teists

Before the specimens were alloyed with given amounts of hydrogen
they were given the following preliminary treatment. Each specimen was
cleaned with emery paper to r'emove the oxide film that formed during
rolling. A hole 1.5 mm in dJ.ameter was drilled in one end of the speci-
men so that the specimen could be hung in the installation for alloying
and later in an autoclave fo:r the corrosion tests. A number was written
on the specimen by the electric spark method. Then the specimens were
etched in weak hydrofluoric acid (20% HF, 80% H2 0), washed in tap water
and acetone, and dried in air. After this, each specimen was weighed on
scales with an accuracy to the fourth power. After this treatment the
specimens were considered %beady for alloying with hydrogen.
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Equipment for Alloying Zirconium Specimens with Hydrogen

We designed laboratory equipment for alloying zirconium specimens
with given amounts of hydrogen. It is a high vacuum system made chiefly
of glass and mounted on a vertical lattice support. A drawing of the
basics of equipment is given in Figure 2. The following basic assemblies
and parts are in the equipment.

1. The reaction chamber (in which the zirconium absorbs the
hydrogen) is a quartz hood 11 with a vacuum slide 10. A glass crossbar
is welded onto the slide inside the hood. This is used to suspend a long
quarts hook 12 on which the zirconium specimen 13 is hung.

2. The measuring assembly which includes a measuring vessel 7
calibrated for the difference in weights in the dry form and filled with
distilled water corrected for the density of air; two taps 6 and 8 to
limit the volume; a mercury manometer 4; an oil manometer 1; and taps 2,
3, 5, and 14. The mercury manometer is used to make a rough estimate of.
the hydrogen pressure in this measuring vessel. The surface of the mer-
cury (with a vapor elasticity at normal temperature of 1 x 10- 3 mm of
mercury) is covered with a small layer of vacuum oil which, under the same
conditions, has a vapor elasticity of 1 x 10-8 mm of mercury. The oil
manometer, covered with vacuum oil Dl, is put into the measuring vessel by
opening one of the taps (2 or 3). When this is done the opened elbow of
this manometer is filled with hydrogen and the other is under the deep
vacuum that was achieved earlier. The use of an oil manometer makes it
possible to increase the accuracy of the estimate by 14 times in compari-
son with a mercury manometer. This is very important when alloying
lightweight specimens with small amounts of hydrogen. The pressure of the
hydrogen in the measuring vessel can be controlled with an accuracy up to
5 x 10-2 mm mercury.

3. The pumping system consists of two vacuum pumps# a rough
vacuum pup (of the VN-461 type) 24 and a diffusion steam-oil pump (of the
SDN-I type) 20; a trap 16; a ballast vessel 22; and taps 15, 18, 19, 21,
and 23. By turning on the taps 18, 19, and 21 the vacuum can be created
with either one rough pump or two pumps-the rough pump and the diffusion
pump--connected in sequence.

4. An instrument for measuring the vacuum of the VIT-1 type (not
shown in the drawing) with a thermocouple (of the LT-2 type) 9 and an
ionization thermocouple (of the IN-2 type) 17.

5. The system for retaining and releasing the hydrogen into the
equipment consists of a flask with hydrogen 29; a reducer 30; a rubber
chamber 31 which acts as an indicator of the rate of feed of hydrogen into
the equipment; a trap 28 and taps 25 and 27. Using the trap to remove

o 10 -



water vapor and oxygen from the hydrogen that enters equipment makes it
possible to avoid these additions. 0

6. A heating assembly (not shown in the drawing) consists of
furnaces with nickel-chromium spirals on the quartz hood; this furnace is
fed by a transformer of the type RNO-250-5 and an amperemeter which regu-
lates the current in the furnace.

7. A device for measuring the temperature in the furnace-a thermo-
couple galvanometer of the MPB-46 type and a Chromel-aluminum thermocouple
which forms a hot junction with the bottom of the quartz hood when it is
in its working position.

2 3 /4 2 26

/11

Figure 2. Drawing of the Laboratory Equipment for Alloying
Zirconium With Given Amounts of Hydrogen.

Atmospheric air is let into the equipment by the tap 26. The equip-
ment is taken from atmospheric pressure to a pressure of 1 x 10-1 mm of
mercury by a rough vacuum pump. Then the diffusion pump is turned on and
25-30 minutes later a vacuum reaches 1 x 10-4-8 x 10-5 = of mercury.
Using the trap 16 makes it possible to improve the vacuum to (1-3) x 10
nm of mercury.
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A wellopumped setup can retain a deep vacu n for a long time. Thus,
after 48 hours the vacuum is reduced from 2 x 10-- mm of mercury to
1 x 10-4 mm of mercury. That is, the leakage was 1.7 x 10-6 mm of mercury
per hour. In test runs to check the retention of the vacuum when the hood
had a furnace heated to 7000 C the leakage in the part of the equipment
opened by tap 14 was somewhat greater. Xhus, in two hours of holding at
this temperature the leakage was 5 x 10 --2 x 10- 2 mm of mercury. Conse-
quently, to obtain reliable results when alloying specimens with hydrogen
there should be minimum holding time at high temperature, very accurate
observation of all the parts of equipment, and thorough observation of all
the moving parts of it (the slide, the taps). The laboratory equipment is
shown in Figure 3.

Alloyina Zirconium With Hydrogen

The amount of hydrogen necessary for alloying the specimen is cal-

culated using the Mendeleyev-Klapeyron equation

p a mRT

where p is the pressure of the hydrogen in the measuring vessel in Em of
mercury; m is the weight of the hydrogen necessary to alloy the specimen
in grams; R is the gas constant, 62360 mm of mercury cubic cm per degree;
P is the absolute temperature in degrees kelvin; M is the molecular weight
of hydrogen; V is the volume of hydrogen in cubic cm (in our case the
measuring vessel had a volume of V - 73 cubic cm).

The zirconium specimen 13, prepared for alloying, is hung on the
quartz hook 12 in the quarts hood 11 which is firmly pressed against
slide 10 by a vacuum well. The tap 26 is closed and the equipment is
evacuated by the rough vacuum pump. As the rough vacuum is reached the
diffusion steam-oil pump is turned on and a Dewar flask with liquid nitro-
gen is put on the trap 16.

At the moment when the vacuum is reached in the equipment (including
in the mercury manometer and in both elbows of the oil manometer) taps 2,
3., and 5 are opened, a tubular furnace is put on the quarts hood, and the
hood is heated to 8000C. Heating at this temperature for 1 hour with con-
tinuous pumping is done to degas the specimen and to dissolve the thin
oxide film on it. After this roasting the furnace is taken away from the
quarts hood, a Dewar flask with liquid nitrogen is put on a trap 28, tap 8
of the measuring vessel is closed, and the intermediate taps 14 and 15 and
tap 25 on the trap 28 are closed. By slowly turning tap 27 1800 hydrogen
is fed into trap 28 from the rubber bulb 31.

Thus, the hydrogen in the trap 28 is at atmospheric pressure. Here
the oxygen and water vapors are frozen out. Then tap 25 is also turned
1800. When this is done part of the hydrogen occupies the volume limited

- 12



Figure 3. The Laboratory Equipment for Alloying Zirconium With
Given Amounts of Hydrogen
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by taps 14, 15, and 25 where it is under a pressure below atmospheric
pressure. The next turn of taps 14 and 15 opens the passage so that the
hydrogen can enter the measuring vessel 7 and the mercury manometer 4
which shows the pressure of the hydrogen in the measuring vessel. Depend-
ing on whether or not the pressure of the hydrogen in the measuring vessel
is too high or too low, it can be raised or lowered by turning the taps.
For better accuracy of estimating pressure an oil manometer 1 opened by
one of the taps 2 or 3 is connected to the measuring vessel.

After the hydrogen pressure reaches the right level tap 6 is closed
and tap 8 is opened. As a result, the hydrogen enters the quartz hood 11.
Now a furnace is once again put on the hood and heating is begun. Mean-
while hydrogen is pumped from the remainder of the equipment (above the
closed tap 6).

The furnace is put on the hood so that the specimen is in the cen-
ter of the furnace. The temperature in the center of the furnace is raised
to 680-7000 and held at this level for 30-40 minutes. After this time the
heating is stopped and the specimen is slowly cooled (with the furnace). "
At room temperature the residual pressure in the hood is 6 x 10-3-1 x 10 - 2

mm of mercury which indicates the practically complete absorption of hydro-
gen by the specimen.

The data that are characteristic for the process of hydrogen ab-
sorption by zirconium are given in Table 2.

It followed from Table 2 that at 7000 there is a rapid absorption of
hydrogen by the zirconium. Holding at this temperature for 30-40 minutes
is sufficient for uniform distribution of hydrogen over the cross section
of the specimen. We checked this in a special series of experiments which
were controlled by metallographic inspection of specimens alloyed with
hydrogen. Figure 4 shows microphotographs of specimens of pure zirconium
and zirconium alloyed with hydrogen.

Table 3 gives the results of chemical analysis for hydrogen content
in zirconium specimens alloyed by the described method. There is very
close agreement between the results of the analysis and the desired amounts
of alloying.
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Table 2

Typical Process of Hydrogen Absorption by a
Zirconium Specimen Weighing 1 Gram

Time, Hydrogen Pressure Furnace
minutes in Quartz Hood, Temperature, Remarks

n of mercury oc

0 I10-' 20
5 8.5 2 This pressure was observed in the

measuring ressel. After the tap
between the measuring ressel and
the hood was opened the pressure.
was lowered. The furnace was
turned on.

The beginning of hydrogen absorp-
15 1.lO-' 6M tion by the specimen was read

from the vacuumeter.

20 8.10' 700 -
25 2.10-2 700 The heating current of the fur-50 I0 700nace was turned on; Stands with
70 6- 10' 20 the furnace.
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Table 3
The Results of Chemical Analysis of Zirconium

Specimens Alloyed With Hydrogen

Specimen Amnont of H2 in the Specimen After Alloying, wt. %
Noe Predicted (considering H2  From Results of Chemical

in starting metal) Analysis

I ! HcXO bir MeTa.., 0,0018
2 0,0028 0,0023
3 0.0048 0,0042
4 0.0068 0,0059
5 0.008 0.0074
6 0,01 0,0101
7 0.015 00127
8 0,02 0,0165

, ' .,

Figure 4. Microphotographs of Zirconium Specimens: a--specimen of
pure zirconium annealed at t = 8000 for 1 hour (X600);
b-a zirconium specimen alloyed with hydrogen in an
amount of 0.01 weight % (X136). The unifo;h 2ibLribution
of the hydrides is evident.
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Corrosion Tests of the First Series of Zirconium Specimens With Diffarggt
Hydrogen Content

Zirconium specimens alloyed with hydrogen using the described
methodology were subjected to corrosion tests in a steam atmosphere.
Three groups of specimens with the following hydrogen content (%) were
tested in the series: 00001 (initial metal),.0.0l, and 0.015. Each group
consisted of three specimens.

The specimens were hung on hooks of a special suspension made from
stainless steel 1 KH1SN9T and were placed in an autoclave of the same
steel. Twice-distilled water was poured into the autoclave in an amount
that was calculated, at a tes+ temperature of 350°, to create a pressure
in the autoclave of 170 atmospheres. The water was changed every week.
After certain time intervals, 100, 200, 440, 670, and 925 hours, the
specimens were taken from the autoclave, examined, and weighed, the kine-
tics of the corrosion process were determined from the weight of the
specimens. Average data on this test are given in Table 4.

Table 4

Average Data on the Weight of Zirconium
Specimens in Time

Hydrogen Content Average Weight Gain (mg/decimwter2) in time
in Specimens,

wt. % 100 200 440 670 925
hours hours hours hours hours

0,001 3,16 11 94 !i8 16,28

0,01 i17.85 25.0 27.3 28.4 30 28.0 39,4 3.4 1 52.0

On the basis of the data in this table curves of the corrosion
process were drawn in the coordinates weight-time. These curves are shown
in Figure 5. They show that zirconium's corrosion resistance is reduced
as the hydrogen content is increased.
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Figure 5. Corrosion of Specimens With Different H2 Content.
Medium - twice-distilled water at t - 3500 C and p a 170 atmi
1 -- Zr + 0.001 wt. % H2 ; 2 -- Zr + 0.01 wt. % H2; 3 -- Zr +
+ o.015 wt. % H2.

Corrosion Tests of the Second Series of Zirconium Specimens With Vailous
Hydrogen Contents

In these experiments the corrosion medium and the test procedure
were the same as for the specimens of the first series. However, there
were some differences in the conduct of the experiment. First, each speci-
men was tested in a separate ampule made from stainless steel lKhl8N9T.
The working volume of the ampule was 6 cubic cm. The ampule was sealed by
using a "ball on cone" seal. Second, the test lasted considerably longer.
Four groups of specimens with hydrogen contents of 0.005, 0.01, 0.02, and
0.025 weight % were tested. Each group had five specimens. The examina-
tion and weighing of the specimens was done after 250, 500, 1000, 1500,
2000, and 2500 hours. All of the specimens showed high absolute corrosion
resistance and the tests were not stopped because the specimens failed.
Their external appearance was of very good quality. However, their rela-
tive corrosion resistance, which we judged as in the preceding case from
the corrosion kinetics of an increase in the weight of the specimens,
showed the same pattern as in the first series of tests. That is, an in-
crease in the hydrogen content in the zirconium reduced its corrosion
resistance.

Average data on the increase in the weight of the specimens during
the corrosion process are given in Table 5.
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Table 5

The Average Data on the Weight of Zirconium Specimens in Time

Hydrogen Content Average Weight Gainin Specimens,,...wt. % 250 500 1000 1500 2000 2500

hours hours hours hours hours hours
n i ni . -, -- n _ -INI -- mm-

0,005 3,63 8,5 16,1 17,6 18,2 19.2
0.01 4.36 10.9 18.9 20.3 22.7 25.9
0.02 1 4.84 10.0 20.9 22.5 26.7 28,78
0.025 4.98 11.8 22.52 24,5 27,3 30.3

These data were used to plot curves of the corrosion process in
logarithmic coordinates. The curves are seen in Figure 6. These curves
also show that the hydrogen present in the zirconium has a negative ef-
fect on the corrosion resistance of this metal in a steam vapor.

30

Timls hours

Figure 6. Corrosion of Zirconium Specimens With Varying Hydrogen
Content. Corrosion medium-twice distilled water at t
3500 and p n 170 atmi i-K+ ,0.005 wt.% H2; 2-r+0.01
wt.% H2; 3-Zr+0.02 wt.% H4; 4-Zr. 0.025 wt.% H.
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2. The Effect of Nitrogen

Literature [l, 2, 5, 6 and others] shows that a number of ele-
ments present in zirconium as additions noticeably reduce the corrosion

resistance of zirconium in a steam atmosphere. Such elements are carbon,

titanium, nitrogen, and others. Nitrogen especially reduces the corrosion

resistance of zirconium. Additions of certain elements, for example, iron,

chromium, nickel, tin, have a positive effect on the corrosion resistance

of zirconium; they can reduce the harmful effect of other additions.

It seemed advisable to study the corrosion resistance of unalloyed

zirconium with additions characteristic for metal of domestic production

in relation to the nitrogen content. Zirconium refined by the iodide

method, remelted in an arc furnace in an inert gas, and rolled into a

strip 0.75-1.0 mm thick was the initial material.

Table 6 shows the typical chemical composition of the metal alloyed

with nitrogen in different amounts and then subjected to corrosion tests

in steam.

The specimens for the corrosion tests were rectangles 30xlO in.

Each specimen was alloyed with nitrogen in a predetermined amount ranging

from 0.006 to 0.055 wt.%. The alloying was done in the laboratory eiR-

ment using the methodology described in the paper by N. V. Borokov L7J.

Table 6

The Typical Chemical Composition of

Initial Zirconium Specimens

Element Content, wt. % Element Content, wt. %

Hf 0,045 Si 0.015
W <0.004 Fe 0,015
NJ <0.001 Ti 0.002
Cr <0,003 C 0,05
K <0,003 Cu 0,0013
Ca <0.005 0, 0,06

The corrosion tests were made in twice-distilled water which was

poured into small ampules from stainless steel lKhl8N9T with a working

volume of 6 cubic cm. Each ampule contained one specimen. Several series

of specimens were tested under different conditions: t a 3000 and p n 88

atmospheres; t = 3500 and p = 170 atmospheres; t = 4000 and p u 280 at-
mospheres. Three specimens in each series were tested for each nitrogen
cont2t,
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The corrosion resistance was evaluated from the change in the ex-
ternal appearance and chiefly by the change in the weight of the specimens.
The tests were stopped when a white fluffy oxide film formed on the speci-
mens. Tables are given below of the change in the weight of zirconium
specimens with various nitrogen contents during corrosion tests under the
indicated conditions. The kinetic curves of the corrosion process, plotted
using these data, are also given. The specimens were taken out and weighed
after the time intervals indicated in the tables. The nitrogen content in
the test specimens is also shown.

The specimens with a nitrogen content of 0.006 wt.% after 2000 hours
of testing were in good condition with a dark firm oxide film. On the
basis of the results collected in Table 7 curves were plotted in logarith-
mic coordinates. The curves are shown in Figure 7.

CV

~Time, hours

20-

0

Figure 7. Corrosion of Zirconium Specimens Containing Nitrogen
in a Steam Atmosphere at t = 3000 and p = 80 atmospheress
1-Zr 0006 wt-% N2 ; 2--Zr 0.015 wt.% N2 ; 3-Zr +
0.025 wt'% NO; 4-Zr +0-045 wt.% NO; 5-Zr +0.055 wt.%
N2.

We conducted a repetition of the experiment to determine the effect
of nitrogen on the corrosion resistance of zirconium under the same testing
conditions but with another series of specimens with a nitrogen content of
0.007, 0.015, 0.02, and 0.03 wt.%. The results were similar to those in
Table 7 and in Figure 7. The specimens with a nitrogen content of 0.007
wt.% were tested for 4000 hours and showed no signs of failure after this
time. Specimens with a nitrogen content of 0.015 wt.% were covered with a
fluffy white film just as in the first case and were taken out of the
test after 1000 hours. Specimens with a nitrogen content of 0.02 and 0.03
wt.% had very poor corrosion resistance (they were taken out of the tests
after 200 and 100 hours respectively).
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Table 7

Average Values of the Weight of Zirconium
Specimens per Unit of Surface During Tests

at t = 3000 and p - 88 atmospheres.

Nitrogen Content Average Weight Gain (in mg/decimeter 2 ) in Time
in Specimens -.

wt. 48172 120 200 500 1000 1200o
hours hours hours hours hours hours

0.006 5.4 6.16 7.70 8.50 8,50 116,17 I 16,2
0.015 6.921 6.92 - 0,000 13,00 14.60 17.70 Film ciumbles;Specimens taken

I out of tests
0,025 5. 8,16 9,68 13.22 17.41 13.10 Film crumbles; Speci-

mens taken out of
0,045 14,301 21.00 26.60 testsFilm crumbles; Specimens taken out of

tests
0.055 15,7 26.95 32,30

Specimens of the third series contained-0.007, 0.02, and 0.03 wt.%
nitrogen; specimens in the fourth series contained 0.007 0.015, 0.025,
and 0.045 wt.% nitrogen. Both series were tested at 356A under a pressure
of 170 atmospheres. The tests showed that the corrosion resistance of the
specimens under these conditions was lowered. Table 8 gives the average
values of the weight of specimens of the third series per unit of surface.
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Table 8

Average Values of the Weight of Zirconium
Specimens per Unit of Surface During Tests

at t = 3500 and p - 170 atmospheres.

Nitrogen Content Average Weight Gain (im mg/decimeter 2 ) in Time
in Specimens, - . -

wt. % 24 50 100 150 200 250 450
hours hours hours hours hours hours hours

0,007 6 13 16 23 23 23 Film crumbles;
specimens taken
out of tests.

0,02 1.4 37 33 Film crumbles; specimns taken
out of tests.

0,03 54 Film crumbles; specimens taken out of tests.

Curves were plotted from these data in logarithmic coordinates,
They are shown in Figure 8.

0

JO -

2

2.0-

w4 24 50 100150200250

Time, hours

Figure 8. The Corrosion of Zirconium Specimens Containing Nitrogen
in a Steam Atmoslere at t = 3500 and p a 170 atmospheres:
l--Zr+ 0.007 wt.% N2; 2-Zr+ 0.02 wt.% N21 3-Zr+ 0.03 wt.
% N2

2
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The fifth series of specimens were given a more severe tests
temperature 4000 and pressure 280 atmospheres. The specimens had a nitro-
gen content of 0.007, 0.015, 0.02, and 0.03 wt.%. As seen from Table 9
and Figure 9 in such tests the specimens have no corrosion resistance
because even at a minimal nitrogen content (0.007 wt.%) the film begins
to flake off after 100 hours. Specimens with higher nitrogen concentra-
tions did not last 24 hours.

Table 9

Average Values of the Weight of Zirconium
Specimens per Unit of Surface During Tests

at t = 4000 and p = 280 atmospheres.

Nitrogen Content Average Weight Gain (in m/decimeter 2 ) in Time
in Speciments__

wt.% 24 50 100 150
hours hours hours hours

0,007 28 46 78 Film crumbles;
specimens taken out
of tests.

- 0,0,15 143 Film crumbles; specimens taken out of tests.
0,02 163
0,03 202

I 3:CIL

V IS- -2

2 50 100.50

Time, hours

Figure 9. The Corrosion of Zirconium Specimens Containing Nitrogen ik
a Steam Atmosphere at t = 4000 and p m 280 atma 1-Zr +
0.007 wt.% N2; 2-Zr+ 0.015 wt.% NO2; 3-Zr+ 0.02 wt.% N2
4,-Zr 0.03 wt.% N2.
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Conclus ions

1. It was shown that it is possible using the equipment and
methodology described in this paper to obtain zirconium specimens with
different preassigned hydrogen contents.

2. It was also shown that an increase in the hydrogen content in
the zirconium specimens reduces its corrosion resistance in a steam
atmosphere.

3. The corrosion resistance of zirconium is sharply reduced with
an increase in the nitrogen content in it.

4. In an atmosphere of superheated steam at t a 4000 and p w 280
atmospheres zirconium containing 0.007 wt.% nitrogen and more is not a
corrosion-resistant material since even with a nitrogen content of 0.007
wt.% specimens did not withstand tests lasting more than 100 hours.

5. In a steam atmosphere at t n 3500 and p = 170 atmospheres
zirconium containing 0.007 wt. % nitrogen and more also is not a corrosion-
resistant material although the testing time for specimens containing 0.007
wt. % nitrogen was somewhat increased.

6. In a steam atmosphere at t = 3000 and p = 88 atmospheres the
corrosion resistance of zirconium with small additions of nitrogen is
considerably higher: specimens with 0.015 wt.% nitrogen withstood
tests lasting 1000 hours and specimens with 0.007 wt.% nitrogen lasted
4000 hours.

7. Nitrogen reduces corrosion resistance much more than hydrogen.
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THE FORMATION OF SCALE WITH A STRUCTURE 6ZrO2 .Nb2O5
ON ALLOYS OF ZIRCONIUM WITH NIOBIUM

Yu. F. Bychkov
V. A. Ivanov
A. N. Rozanov

The heat resistance of zirconium and its alloys and also of niobium
alloys has been studied by a number of researchers. Most alloying elements
reduced the oxidation resistance of zirconium. However, certain additions,
for example, Fe, Ni, Cr, Cu, Ag introduced in an amount less than 1 at.%,
somewhat improved the heat resistance of iodide zirconium. However, they
do form low melting eutectics [i, 2)'. Niobium and tantalum in an amount
up to 0.25% increase the heat resistance of iodide zirconium. In larger
amounts they reduce the heat resistance [1].

At present several heat resistant and scale resistant in water
zirconium alloys have been developed and are being used in water-cooled
nuclear reactors: the well-known Zircaloy-2 containing 1.2-1.7% Sn, 0.07-
0.2% Fe, 0.05-0.15% Cr, and 0.03-0.08% Ni; the alloy that is less used,
Ziroalloy-3 containing 0.15-0.3% Sn, 0.25% Fe, and the remaining additions
the same as in Zircalloy-2; the recently created Zircalloy-4 containing
1.2-1.7% Sn, 0.12-0.18 Fe, 0.05-0.15% Cr and less than 0.002% Ni;
Ozhennite containing 0.1-0.3% Sn, 0.1-0.3% Fe, 0 1-0.3% Ni, and 0.1-0.3%
Nb, and finally the alloy N-1 with 1% Nb [2, 3]. Binary alloys with
0.5% Ta and W have also been recommended. All these low-alloyed alloys
have comparatively low heat resistance close to the heat resistance of
zirconium.

Recently attention has been given to the development of more heat-
resistant alloys of zirconium with an increased content of alloying ele-
ments. Interest is being shown in the highly-alloyed Zr-Nb alloys. For
example, when studying the scale resistance in air at 300, 400, and 5000C

of alloys of the Zr-Nb system annealed for 24 hours at 5000C after
quenching from the beta-region it was revealed [l that the mini==m
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addition in weight of these alloys of the system was the alloy with 25%
Nb. This alloy was equivalent to zirconium with respect to heat resis-
tance at 4000 or was better than it. The weight addition for this alloy
after 300-hour soaking at 4000 was less than 1 mm/sq cm and for alloys
containing about 10% Nb it was 3 mm/sq cm. Alloys containing 10-20% Nb
also showed high scale resistance in long-time tests in water at 4000C
E17.

It was shown still earlier [4] that alloys containing 12-20% Nb
have considerably higher scale resistance in air at 5700C than alloys
with 2-7% Nb. When the Nb content in the alloys with zirconium is in-
creased above 25% the heat resistance is lowered.

The scale resistance of alloys Zr-Nb on a niobium base (up to 45
wt.% Zr) was studied at 1000 and 12000 C [5]. Additions of up to 20%
Zr greatly in-rease the linear rate of oxidation of Nb at 1000 C, but
reduce it at 12000C. Alloys of Nb with 25-45% Zr had 2-5 times less
addition of weight than Nb under the same conditions; but they oxidize
more strongly.

The authors of reference [5] think that in alloys of Nb with
small amounts of Zr the oxidation rate increases as a result of a large
size of the zirconium ions and the lower valence of zirconium in compari-
son with niobium which cause a reduction in the stability of Nb2 05 and
an increase in the rate of diffusion of oxygen through the Nb2 05 .

The corrosion of alloys of zirconium with different contents of
niobium (from 2 to 80 wt.%) in a current of water vapor at atmospheric
pressure and at temperatures of 300, 350, 400, 450, and 5000 C was
studied [67. The alloys containing 20-50 wt.% Nb were better than the
Zircalloy-2 in corrosion resistance at temperatures above 4000C.

Thus, in several works data have been obtained that agree with
respect to the high heat resistance of Zr-Nb alloys containing 20-30% Nb
and it is admitted that these alloys merit further study due to their
higher heat resistance. In the works referenced above, with the excep-
tion of the work of Klopp and others [5], relating to alloys whose
compositions are far from optimal with respect to heat resistance,
data on the structure and properties of oxide films formed on these alloys
are not given.

As is known [2], in the oxidation of zirconium and ito low alloyed
alloys in air and in oxygen zirconium dioxide film forms on the surface.
At temperatures below 10000 C a modification of the dioxide with a single-
wedge lattice is formed and at temperatures above 10000 C a mixture of thj
modification with tetragonal and a single-wedge structure is formed [2J.
It is indicated in the work of Klopp and others [ 5] that the scale that
formed in the Zr-55% Nb alloy during oxidation at 1000 and 12000 C contained
some amount of 6ZrO2 x Nb20 5 and ZrO2 in addition to Nb20 5 .
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Research Methodology

In this work there is an x-ray investigation of the oxide film
that forms at 600-12000 C in air on the surface of the two alloys of zir-
conium Zr-25% Nb and Zr-15% Nb-l0% Mo which have high scale resistance
compared with the heat resistance of zirconium. Certain properties of
the ternary alloy of zirconium with 15A Nb and 10% Mo are given in the
article of Yu. F. Bychkov and others L 72. It should be noted that the
niobium content in the alloy of Zr with 25% Nb corresponds to the niobium
content in the compound 6Zr0 2 x Nb2 05 of stoichiometric composition.

The initial materials for melting the specimens were iodide zirco-
nium (99.5% Zr) and pieces of niobium and molybdenum of technical purity.
From these materials alloys of Zr-25% Nb and Zr-15% Nb-l0% Mo were pre-
pared with ten ingots of each composition and also ingots of zirconium.
All the ingots weighed about 30 grams. Melting was done in an arc furnace
3I7-9-3 in an argon atmosphere in a copper water-cooled bottom. To
achieve homogeneity the alloys were remelted three or four times during
the mlting. The ingots in which the structure of the oxide formed at
6000C was studied were rolled at about 9000C into a sheet about 2 mm thick.
The other specimens were studied in the cast state. Disks about 20-25 mm
in diameter and about 4 mm high were cut out of the ingots. The surface
of the specimens was polished.

To obtain a sufficiently thick oxide film at 6000C the 'specimens
were held in air more than 24 hours, at 8000C they were held 20 hours and
at 1000 and 12000C they were held 5 and 3 hours respectively. The dif-
ferent lengths of holding at the various temperatures was caused by the
need of obtaining sufficient amount of oxide film. The black oxide film
obtained at 600 and 8000C was taken off by etching the base metal (alloys
and also the zirconium) in a 50%-hydrofluoric acid. The white scale folmd
at 1000 and 12000 C was separated mechanically without etching. The sealo
was crushed into a powder.

The x-ray photographs were taken in a camera D-57 on a CM6 1,h,
radiation with a nickel filter. The photography was done with the 1117
lowing parmters: 25 kW, 10 miliamps, 3-6 hours. The x-ray phota
were measured on a comparer. The intensity of the lines was meamrd n
a microphotometer X-4. The intensity of the line was evaluated using a
five-point system.

The fine black oxide film in an atmosphere of oxgen at 220 was
obtained as follows. The specimens were washed in acetone and pinesd I**
a quartz hood. After evacuation and filling the hood with argoo to a rw-
sure of 250 am of mercury it was placed in a tubular furmace hested to
12000C. After holding for 10 mdnute in the hood a mixture of .qm i4th
argon with portions of oxygen every 25 cubic m was pumped Int the hed.
The argon created favorable conditions for slow approah ot te s Mi to
the srfaco of the speimen as a result of which the remUt fi i*mw
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homogeneous. Without preintroduction of argon the specimen oxidized
nonuniformly. After the oxygen was fed in the hood with the specimen was
held in the furnace for two minutes and cooled in air. As a result of
oxidation in oxygen the addition in weight of the specimens was 0.5-1 mil-
ligrams per square centimeter.

The black oxide film in air was obtained in a similar way but argon
was not fed into the hood; the pressure of air in the hood at the moment
of oxidation was 1 atmosphere. As the process of feeding air into the
hood was finished the hood was taken from the furnace and cooled in air.

For kinetic investigations the specimens were weighed and put into
porcelain crucibles. The crucibles were tightly covered with lids of
stainless steel and were placed on a support of steel for oxidation in a
muffle furnace MP-2 heated to 7000C. The temperature in the furnace was
regulated by a temperature regulator MRShchPr-54. During the oxidation
process the specimens were weighed on analytical scales every hour. We
also investigated the compound 6ZrO2 x Nb205. This compound was melted
from powders of ZrO2 and Nb205 in the following manner. First, buttons
of ZrO2 and Nb205 were placed in an arc furnace which were then melted
in a proportion of 611. Niobium Pentoxide was obtained as a result of
oxidation of the metallic niobium in air. The ZrO2 powder that was used
to make the compound was of technical purity.

A Discussion of the Results

As indicated above, the separation of the oxide film from the
specimens oxidized at 600 and 8000C was done by dissolving the specimens
in hydrofluoric acid. The possibility of using this etching agent was
checked in zirconium. Zirconium specimens oxidized at 600 and 800SC were
held in acid until the metal was completely dissolved. There remined a
powder-like black oxide which did not dissolve in the acid. The structure
of these powders coincided with the single-wedge structure of technicall
pure Zr02 powder (Figure 1). Some lines on the x-ray photos correspond to
the tetragonal modification. The lack of a noticeable effect of the aid
on the zirconium oxide was confirmed by the following experiments the
powder of white zirconium oxide after 2.5 hours holding in acid in wdich
there was simultaneously dissolved metallic zirconium changed its weight
by only 0.0045 grams (by 1.5%).

In the oxidation of the specimens there is first formed a homo-
geneous black dense film and a parabolic relation of the weight to time
is observed. After the break on the oxidation curve a ihite oxide fils
appears which corresponds to the beginning of accelerated oxidation.

The structure of the scale that forms on alloys Zr-25% E and k-
15% Nb-lO1% m depends upon the temprature of oxidation in air. At 60000
the basic oxidation product of these alloys is a blak film gomnst4 of
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zirconium oxide in the single-wedge modification (Figure 2). The white
scale which formed on the alloy Zr-45% Nb-5% Ti after oxidation at 6000C
for 145 hours that was separated mechanically also consisted. practically
only of Zr02. Thus, the white and the black oxide films that form on the
alloys Zr-Nb at 60000 consist of ZrO2 and contain only a small amount of
the new phase (see Figure 2). It can be concluded from this that the high
heat resistance of alloys Zr-25% Nb at 400-5000C is not due to the forma-
tion of a new productive oxide film but to other unknown factors.

Zr&O
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Figure 1. Lines on the X-Ray Photographs of the Oxidatiom
Products of Zr at 600 and 800OC (a, b) of a
Technical Zirconium Oxide (c), a Cast Compoun
6zr02 x ob205 (d) and Niobim Oxide ().
(H-ZrN, T-tetragonal modification of ZwO2 )
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Figure 2. X-Ray Photographs of Oxide Films Formed on Alloys of
Zr-25% Nb and Zr-15% Nb-1O% Mo During Oxidation in
Air at 600, 800, 1000, and 12000C.

Upon an increase in the oxidation temperature fro 600 to-1200C
the amount of Zr02 in the scale drops and the amount of the new pbase
differing from Zr02 and from Nb205 increases (see Figures 2 and 3). ]ass-
much as the new phase has a different structure from a sircoulm oxide am
from the niubium. oxide it can .be assumed that it is a oupl~ae 9 c wud
theme oxides. In studying the phase diagrams of the alley kO"
the compound 6ZrO2 x b2 05 on the basis of which the region of Is Al
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solid solutions is formed was revealed. This compound melts at 16700C.

21

L

e0 SW 10 t,C

Figure 3. The Relation of the Intensity of Two Lines ZrO2
(d z 3.194 and 2.857 A) to the Intensity of Lines
6ZrO2 x Nb205 (d = 2.982 A) to the Temperature of
Oxidation of the Alloyss 1, 2-for Alloy Zr-25% Nb;
3, 4-for Alloy Zr-15% Nb-1O% Mo.

Rot and Kofanur C8_J investigated the structure of this compoud
and determined the interplanular distances. The interplavm distane
for the compound 6ZrO2 x Nb2 05 which we melted lsep table) colacide Atb
the values given in the work of these authors 8/ ewwet for severa
lines relating to ZrO2 which can be due to a deviation In tbe LupUsitiM
of the alloy from the stoichiometric composition during ltug. On
interplanular distances for the now phase that fu during exidsti d
alloys Zr-Nb and fr-Nb-.o at high temperatures coincide- ith the Ate-,
plaular distances for the melted compound which is mom frm a
of Figures 1 and 2.
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Table of Interplanular Distances for Compounds
of 6ZrO2 x Nb 2 05 Melted in an Arc Furnace

N d. N d, Id. I

1 0.03 3 15 1,162 2 29* 1,852 3
2 0.821 1 16" 1.222 I 30 1.929 1

3 0,845 3 17 1,290 1 31 2.009 I
4 0.861 3 18 1.328 1 32 2,101 2

5 0.880 1 9 1,401 I 33 2.227 2

6 0,893 4 20 1.430 2 34 2.492 2

7 0,954 3 21 1.480 2 35 2.598 3

8 0.965 3 22 1,512 3 36 2.662 I

9 0.991 2 23 1,553 4 370 2,866 2

10 11.015 1 24" 1,588 2 38 2,995 5
I 1 1,031 2 25' 1.669 3 390 3.178 3
12 1.048 2 26" 1,713 2 40 3,438 2
13 1.094 3 27 1.775 3
14 1.144 3 28' 1.817 4

* Zr02 lines.

The amount of the compound 6ZrO2 x Nb2 0 5 increases with an increase
in the oxidation temperature and at 12000C for the alloy Zr-25% Nb it is
close to 100%. The ratio between the am'mtr cf ZrO; ar£ 1ZrO2 x Nb205
in the scale can be judged from the ratio of the intensities for the lies
that are close together and are stronger for these phases (see Figure 3).
From the data in Figure 3 it can be concluded that at 12000 C a sufficiently
oxidized alloy contains a maximum amount of the new phase and at lower
temperatures the scale contains ccnsiderable amounts of ZrO2. In view of.
the fact that the compound 6Zr02 x Nb 2 05 has no transformations and is
refractory (melts at about 16700C) , we assumed that the oxide film cor-
responding in composition to this compound will have better protective
properties than the films with a different structure. It was aL aeimed
that such a film can be obtained at high oxidation temperatures.

To evaluate the protective properties of the films that form at
high temperature oxide films were obtained on specimens in an stmowe

of oxygen and also in air at 12000 C using the method described above md

the kinetics of oxidation at 7000C of the initial and at 12000C of the
pre-oxidized alloys was studied.

The results are given in Figures 4 and 5 from whieb it is seem that
the alloy Zr-15% Nb-I0% Mo in the initial state and also after p.o-_ed__a
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is close with respect to heat resistance to the alloy Zr-25% Nb (the weight
values are practicall2y the same). The kinetic curves of oxidation at
7000C for different melts of the same composition are not identical and
the weights are somewhat scattered which, probably, is due to the speci-
mens having different contents of additions.

1 4 r T, To u. ors-

Figure 4. Oxidation Kinetics of Alloy Zr-25% Nb in Air at

'7009C; 1, 2-Specimens Pre-Oxidized in Air; 1', 2'-

Specimens Pre-Oxidized in Oxygen; i1", 2"--pei-
mons Without Preliminary Oxidation.

Preliminary oxidation of any of the specimens at 120OC al ys
increases the scale resistafle. The weights in this case were low tboe
without prelininary oxidation.

In Figure 4, in which the kinetic curves for allUy Zr-25 12 b
given, it is seen that the oxidation of specimen No. I in the initial
state (Curve 1"1) first occurs according to the parabolic lev mid after
about 3 hours there is a break-acceleration of corrosion. The
specimen after preliminary oxidation in oxygen (Curve 1') and In air
(Curve 1) oxidisad according to the parabolic law for a longer time
(6 hours and more) and had less of an Increase in ,eiogt,. or ' m
o. 2 a similar oecurence was observed-speciass prsoxidisd at 1200f

(Cuves 2 and 2') vere oxidized at ?0oC considerably nor* slowy than
the initial qpeclueu. e slight advantage of the Ipr-.idised 0OIAM
was retained through the entire 10-hour period of tootin.
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b3O

0 4+ *rhours

Figure 5. Oxidation Kinetics of Alloy Zr-15% Nb-0% Mo in Air
at 700°C: 1,2,3--Specimens Pre-Oxidized in Air;
l',2',3'-Specimens Pre-Oxidized in Oxygen; i'',
2',3''-Specimens Without Preliminary Oxidation.

The kinetic curves for specimens of the alloy Zr-15% Nb-lOs Mo in
the initial state (Curves 1'',2'',3' ', see Figure 5) followed the para-
bolic law for the first three to four hours and the subsequent part of
the curves corresponded to oxidation accelerating in time and not sub-
ordinate to the parabolic law. The specimens pro-oxidized at 12000 C
(besides Specimen 3"1) were oxidized by the parabolic law throughout the
entire test time which lasted 10 hours (Curves 1, 11, 2, 21, 3). MW
influence of the preliminary oxidation at 12000 C on the oxidation rate of
the alloy Zr-15% Nb-lO% Mo is somewhat less than for alloy Zr-25% 1.

X-ray investigation of the black oxide film obtained in oxgen at
12000C (a weight gain of 0.5 milligrams/sq cm) which was separated by
etching the specimen in a 50%-hydrofluoric acid showed that this fil does
not contain a noticeable amount of the compound 6ZrO2 x b205. 2hat Lo,
the slight increase in heat resistance that was observed after jwelmni=7
oxidation is not due to the formation of this complex compomd. The frma-
tion of the compound 6ZrO2 x Nb 2 05 occurs only in the later stagesof xt-
dation at high temperatures after the beginning of the fuantios of the
white oxide.
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Conclusions

1. it was shown that unon oxidation in air of alloys Zr-25% Nb and
Zr-15% Nb-l0% Mo a compound 6Zr02 ° N-b205 appears on the surface along with
ZrO2 . The amount of the 6Zr02 • Nb205 during strong oxidation at 1200 oC
of alloy Zr-25% Nb reaches almost 100% and close to 100% for the second
alloy.

2. Preliminary oxidation of these alloys at 12000 C at lowered pres-

sure in oxyren and in air before the formation of the black oxide film
somewhat increases their resistance to oxidation at 7000 C which is not due,
however, to the formation of 6Zr02 • ?b205.

3. The elevated resistance to oxidation of alloy Zr-25% Nb at
temperatures below 6000 C, evidently, cannot be explained only by the for-
nation of the comnound 6Zr0 2 •Nb 2 05 since even after oxidation at 6000 C
the content of this compound in the oxide film is low.
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OBTAINING MOLYBDENUM SINGLE CRYSTALS AND THEIR PROPERTIES

V. S. Yemel'yanov, A. I. Yevstyukhin,
G. A. Leont'yev, and A. N. Semenikhin

Modern technology requires high melting metals and alloys based
on them. It is necessary that there be broad research conducted on these
metals and alloys. The most interesting results can be obtained in the
study of pure single crystals.

For most metals with a comparatively low melting temperature the
methodsof obtaining single crystals have been well developed and described
in literature L _j. But the obtaining of pure monocrystals of refractory
metals such as molybdenum, tungsten, niobium, and tantalum has certain
experimental difficulties. In this connection we attempted to grow single
crystals of molybdenum from the gaseous phase using the method of thermal
dissociation.

The possibility of obtaining single crystals from the gasous phase
was mentioned by Van Arkel [21. To grow the monocrystal it is necessary
to have a monocrystal base. Then the growing deposit of metal will repewt
the structure of the base. Single crystal filaments were obtained by re-
crystallization of polycrystal wires from molybdenum mounted in an apa-
tus for deposition. The methodology and the equipment used in tUs -
ment were described in the work of V. S. Temellyanov and others £3
After heating at 1550-16500C for 2-4 hours on a solybdeai wire 0.1 m Ln
diamter it was possible to obtain single crystal sgments frc 10-90 -
log.

The features of obtaining molybdenum deposits from the p*Os
phase by tbermal disso ciation of MoCl 5 required that deposltom beW at
1500-160MC. After a certain time the temperature m redued to 18-
3OOC. At temperatures below 1280C the depoitica poceede am sIMty

but the deposit had a mirror finish with smooth rib. Upm an In~vee In
the twperature of the filament the rate of deposition lmeed ir d tWe
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definitio n of the crystals became more clearly expressed. In this way
filaments up to 3 mm thick consisting of monocrystal segments up to 90 m
long were obtained. The external appearance of such segments is shown in
Figure 1. The content of gas additions in the single crystal and also in
the base material are given in Table 1.

M --WW

Figure 1. Ixternal Appearazuc of Moiybdemu Sizugle Cryttis.

Gas Content ini Metalli Molydeam (in~ %)
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The single crystals that were obtained had high plasticity at room
temperature. They bent easily at a large angle and were cold rolled Xhile
the polycrystalline deposit obtained from the gas phase broke easily during
bending due to the poor bonds between the individual crystals. The ap-
pearance of the bent single crystal is shown in Figure 2. The molybdenum
single crystals have considerably less hardness than the normal metal
(Table 2).

Figure 2. Molybdenum Single Crystals Bent at Room Temperature

Table 2

Hardness of Various Molybdenum Specimens

M'aterial Hardness atter2Material;Brinell, kg/mm

Single crystal A 82-86
Single crystal B 76-85
Industrial sheet, 0.95 mm thick

deformed !237-247
auealed at 10MY' C 209

W=12 m mwi cy zardiwas of the single crystals was in the range. 180-200
kg/ur 2 (load et 200 p and for normal industrial metal, ,. tw annesledl
state it is 230-260 k O .

011. JWo5IStUes that~ wwe studied were tho mdhJw Of' e1sticaity
and the Imtarml frictti. For the purposes whole xatigU eya&I 90 M
lgm cut fa rods. In order to be convinced whwUtr theaee
Ca~sts cc a ing] mowraclvsl at 0mral~ Paists o on =W famw
um tab= which tusd =ut. to be Idtatical * One. of flhmme pho1tgripii i8F
absim in Pip" 3.
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Figure 3. A Typical Lauergram Taken From the Reflection of a
Face of the Single Crystal

The modulus of elasticity and the internal friction were measured
on equipment deE3ribed in the work of A. I. Dashkovskiy, A. N. Somenikihn,
and P. L. Grusin (see page 41 of this collection). The modulus of elas-
ticity was calculated from the resonance frequency of bend oacIllatioe
of a freely supported cylindrical specimen. The internal friction 438
was determined from the dampening of the bend oscillations. For compert-
son the same measurements were made in polycrystalline specimens from
normal molybdenum serving as the raw material for obt*iUiU tho aingle
crystals. The mearem ent showed that the modulus of elatei4 ty of tk*
single crystals is somewhat greater than in spcimwis frm tk* nu-1
metal (Figure 4, Table 3).

The lasticity Hodultw at Ams ?empertarw
for Various Types of Molybdua

N51 UWWI -A
MAOs Mstax 5
. •
• *p



N 3

J2

0

IN 200 3W0 400 500 600 rX

Figure 4. Change in the Modulus of Elasticity E for M61ybdenum
Single Crystals in Relation to Temperature: 1-single
crystal. B; 2--single crystal A (0-in the initial state,
X--after annealing at 6000C for 2 hours); 3-industrial
molybdenum; 4-industrial molybdenum from the work of
Freerman and others [4J.

The internal friction in molybdenum single crystals aonotonously
increases in the measured range of temperatures from 1.6 x 105 at -190M
to 3.8 x 10-5 at plus 200oC.

In quenched and then wrought single crystals there waS a "V01"
of the values of the internal friction Q-A. Qahing w done in te
equipmnt to balance the crystals with a tempeature .1 about IWC. I**
quenched single crystals had a low internal friction. After sli
bestrai (residual bending of about 1im) the luteada frition
iIa darply. At heating to 90C V In the deforwd @IqO C17s9
began to drop sarpy (Figure 5). As a result ot betng to 1,3OM th
interaml friction was reduced by three tims; additoimul ames31 at
60CC for 2 hus ld to only a alight additional red os it t" wIw*
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0 55 100 150

Temperature, 0 C

Figure 5. Change in the Internal Friction of a Molybdenum Single
Crystal in Relation to Temperatures 1--quenched and
then bent monocrystal; 2--annealed at 6000 C for 2 hours;
3--annealed at 6000C for 2 hours and then bent.

Crystals annealed at 6000C were subjected to the sae deformation
as the quenched crystals but the regression in the Q71 in the temperature
range 10-200 0 C did not occur in them.

According to the theory of Granato and Lucks [6J., the interi
friction can be attributed to the dislocation motion under the applied
stresses. In plastic bending the nufber of dislocations ncelaam sd&sib
leads to an increase in the value Q-". If the crystal contains an esO-
sive number of point defects which are fixed by quenching, thm the latter
can migrate toward the dislocations and amplify thu reduing theeby the
level of internal friction.

Conclusions

1. A methodology was developed for growing nP27bdemn slag
crystals from the gaseous phae using the method of thewmal de ato
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2. Preliminary investigations of hardness, modulus of elasticity,
and internal friction were conducted in the single crystals that were
obtained..
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INVESTIGATION OF THE DISTRIBUTION OF ADDITIONS
IN NIOBIUM AFTER ZONE REFINING

A. I. Yevstyukhin
V. V. Nikishanov
I. V. Milov

In published works [I-3- the growing interest in niobium and its
importance for the development of certain branches of new technology are
pointed out. It is also noted that the methods of refining niobium of the
additions which accompsan it determine to a large degree the level of ito
production and use.

At present various methods of refining niobium have boon develoe,
Zone refining of niobium and its melting using the electron-beoa methd
have the best prospects (4-6]. Remelting niobium in mdern equipment
with electron-beam heating majes it possible to obtain niobim in the forM
of ingots of different miss L 7-9./. The reslted ingots of niobim am be

* pressure. worked and worked by other methods.* For eample,, thqca be
rolled into a foil 0.013 = thick without intermdiate ann10.

Research has shown that the remlting of niobium by the oletm.
bean mthod canses considerable vaporation of ertain adities InUdIM
Fe., Cr, Al, lNi, V, V, C, and B (l11.

Dowa, the equipment for electron-bsa melting In podwetm t o
still quite oomplex. In this ese , the equipmout. for am .ini etr
mlting we most reliable in production. The mlting on e * teewwtu94l
Unatim of nlibium in this as" occurs n a rus o =4 widtho" euv&0l

- Ileetr aw melting of n1obium, frin point of vew, Is met at*U
Man =6 rdwtiv. in production~.
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The method of arc zone recrystallization in a copper cooled crucible
in a vacuum (or in an atmosphere of clean inert gas) makes it possible with
the use of comparatively simple equipment to obtain niobium in the form of
ingots with large single crystals of very high purity [12]. The use of
induction heating in zr.ne recrystallization in the variation without the
crucible also makes it possible to grow single crystals of niobium of very

* high purity [8, 12], but this method has low productivity and is less
economical.

The Theoretical Possibility of Refinin Niobium by Zone Reerystallization

Study of binary phase diagrams of alloys of niobium with other
elements makes it possible qualitatively, and in some instances when the
factor of distribution of additions in the niobium is known, quanti-
tatively to describe the degree of refining of niobium of additions by
zone recrystallization.

Three types of interaction of additions with this metal can be
selected from the set of phase diagrams of alloys of niobium with other
elements.

The first type of additions include the elements forming & series
of solid solutions with niobium. They include Mo, Ta, Ti, W, V, U, and
Zr. The second type of addition includes the elements that form limited
zones of solid solutions and they ares C, Cr, Ce, Fe, Si, B, Be, 1.,
N, Sn, Re, Cu, Mg, and La. The third type of addition includes the ele-
ments that practically do not dissolve in the swlid niobium. Such ele-
ments are, for example, hydrogen and thorium. Since microquantities at
these additions have a large effect on the properties of niobium, refining
it of additions has great practical importance.

The degree of refining and the direction of movement of additions
in one recrystallization basically are determined by the value of the
factor distribution of an addition in the solvent.

When I is greater than 1 the addition is moved in the directio op-
posite to the motion of the zone; if K is less than 1 the addition moves
in the direction of the zone movement. The greater the differens betwen
the distribution factor and I the higher the degree of refining w be.

Table 1 gives the characteristics of binary qstow of nlebl=6 As
it follows from the table, the degree of refining and the natwe of traw-
for of all the additions can be divided into three groups.

The first group includes additions in which 9 is gradw tha 1.
A typical metal in this group is W. The second Opcc adtdito If
formed by bg, gn, Ti, La, H, Th, Cu, Mop W, 1, C, Co, T, 1o, 00 0
Al, B, and C. For thes elements I is less than 1. 2"ebw ,
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effectiveness of niobium refining is increased upon a reduction in K and
is greatest for thorium and hydrogen. Additions of this group during re-
fining should be concentrated in the last zone of the ingot. The third
group includes such additions as Ta, Re, and Mg. These elements havea
factor of distribution K that is close to 1. This makes their redistri-
bution during sone recrystallization difficult. In this case magnesium
is separated from the niobium by vaporization while Ta and Re remain in
the ingot.

Table 1

Characteristics of Binary Systems of Niobium Alloys

,_ , hteotiol

Md twot t.pera- Maximum solubility, I Reference
ture, 0c lt.- ~--

W - ont, ,er* of solid Sol.,* 3,9 191
Ta - ame 1,2 1
Re 2 64,0 - 114

Mg .0,10 <1 1151
MD 2 wt ser. of solid aol. 0.8 1161
U Same 0.75

-* Pb I -- 0,71-0,8 according to.
authors' data

V- Ot. se". of solid sol. o,2 1181
ZrSam 0.4-0,6 1191

AI 2120:10 6.0 0,32 I
B 10O 0.49 0.3 21
TI 1 -- Ct. $ se of as1±d Sol. 0.3
S1 1850 156 O,2P
Fe --60 2.44 0,,7--0,2
Cr I1I 12S 0,2
Ca IS 16.0 0,17-0.2
Sn 13 0.143
0 19325 0.72 01
N I - 007 <1
C 233 OA 0.6
Ca 123 0 2A 4
La 24.---a2 <l

J Il <1I swim

• mt., -. .. Jld al. -Cn , m l ldsai

~-'S.F



On the basis of these data it can be expected that during zone
recrystaUlization niobium should be cleaned of additions and almost all of
them except Ta and 1 should be concentrated in the last part of the ingot.
When there are large numbers of zone passes and corresponding rates of zone
movement the middle part of the ingot should be freest of additions. The
factor of vaporization of additions should also play a very important role
in the refining process 171.

.A Discussion of the Results of the Invostigation

In this section we describe the experiments and the results of
refining niobium of technical purity of carbon, iron, lead, and tungsten
in a specialized laboratory arc furnace using the method of zone re-
crystall.ization. The methodology and the equipment in wh ch the experiments
were conducted were described earlier by the authors /3.

The experiments were conducted in an atmosphere of clean helium at-
low pressures. An axial-symetric constant magnetic field concentric to
the arc tongue was used to stabilize the arc tongue during malting. Care-
ful stabilization of the arc is necessary to create more balanced conditions
of metal crystallization. An unstable thermal feed in the molten zone
causes rapid solidification of the layers that are enriched with additions
near the crystallization front (concentration peak) arising in the liquid
zone due to insufficient mixing of the melt which reduces the effectiveness
of the process of addition redistribution. The melting regime for the ex-
periments described above was as follows current-500 amp, voltage-24.5
volts, length of molten sone-25 mm.

Before the beginning of the zone recrystallization the ingots we
about 230 mm long (about 10 zones) and weighed 150 gram. It ahould be
noted that in the melting process all of the ingots wre shortene to
200 m (8 zones) as a result of the transfer of metal to meet the uovie"t
of the zone (its effect can be eliminated using proper angle of the
crucible). Variations in the current fed into the sone did net exceed
1-3%. The number of zone passes for all the ingots bealdes the is&*"
studied for the transfer of lead was ten. The rate of wwvmmt of the
moltent one in the experiment was 0.75 ma per imt. For the lapt is
which the transfer of lead was studied 2 rates were ueeds 30 =d 0.75 -
per minute. The length of the molten some was the seame " j th e oth
experimts-25 mm.

The periments Were conducted with nioblwm of indastrua pwity,
The initial cotent of additions in nlobi u is give in Tsble 2.

W 9r



Table 2

Additions in Industrial Parity Niobium

IContent, ' Content,Addition t. % Addition wt.

0 0,0 Cr 0,04
H 0,007 Ti 0.15
C 0,05 I1 SI 0,08
Fe 0.08 Pb 0,03
N 0,012

For study of the redistribution of carbon, iron, and tungsten
their radioactive isotopes were used. There was parallel chemical
analysis of control ingots (without isotopes) recrystallized under the
same conditions.

In one ingot of industrial purity with an initial carbon content
of 0.05 wt.%, 0.005 wt.% of the isotope C14 was introduced; in another
ingot with an initial iron content of 0.08 wt.%, 0.01 wt.% of the Nb 59

isotope was introduced; in a third ingot with an initial tungsten content
of 0.03 wt.%, 0.01 wt.% of the W1 8 2 isotope was introduced. The amount
of isotope was selected with consideration of its specific activity in
such a way that the basic chemical composition of the ingot was not
changed.

After introduction of the radioactive isotopes all the ingots
(including the control ingots) were subjected to zone recrystallizati
with a speed of 0.75 m/min. with four passes (the number of pases was
established experimentally). The uniformity of distribution of the iso-
topes was checked by measuring the activity of the individual setions
of the ingots.

Ingots with a balanced composition were subjected to zm. re-
crystallization after which the radioactivity of the various sections of
the ingot from the side of the arc and from the side of the crucible, mw
measured. The measurement was done n a gage of the type T-2 - . Mhe
control In active ingots and the ingots in which the lead transfer w
studied were analysed in a chemical laboratory.

The distribution factors of carbon, iron, and turtm,
fras the pus diavms of the aloy Nb-C, b-Fe, aind b-V (am 1*1b. 1)
are rwpetivelys I Is greater than 1; Zye a 0.17-0.2; N a 3.9. Cmu-
qumtl~y, in the some reryMstallisatiao prmess the twapta smt be
cIestated in the first purt of the Ingt; te irm and rbm ot be
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concentrated in the last part. The experiments confirmed these assumptions.

Transfer of Carbon

Study of the distribution of the radioactive isotope C
14 after

zone recrystallization showed that the carbon is concentrated in the last

part of the ingot. This is evidence that the distribution factor of the

carbon in the niobium is less than 1. Along the transverse cross section
of the ingot the carbon is distributed uniformly; measurements of activity
along the upper and lower surfaces of the ingot gave coinciding results.
Figure 1 shows a curve of the distribution of the radioactive isotope C

14
along the length of the ingot. The curve shows that the ratio of the
concentration of carbon in the end and the beginning of the ingot is 8l.
In the experiment a considerable vaporization of carbon was revealed. Evi-
dently this is in the form of the products CO or CO2 since the walls of the
crucible and the chamber showed no activity after melting and the over-all
level of activity of the ingot as a whole was lowered.

.4

U t * 1r 7 0

Distance fro the ben-ing of
ingot in zone lengths

Figure 1. Change in Radioactivity Along the Length of an Ingot
of Niobium With the Radioactive Isotope Carbon U
After 10-fold Zone Recrystallization

The data of chemical analysis (Table 3 and Figure 2) evarme tat
the niobium Is refined of carbon under the action of zone re'rystaUlswut1
and also indicate the vaporization of carbon from the Logot (tgb t
content is owhre greater than the initial carbon contmt).
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Figure 2. Change in Carbon Content Along the Length of an Ingot
of Niobium After 10-Fold Zone Recrystallization (From
the Data of Chemical Analysis).

Table 3

Carbon Content in Certain Sections of the Ingot
After Zone Recrystallization

Distan

Nuber from
of begin- Carbon oontent,

4 ning of wt. %
ingot,

1 12 Not, revsed
2 37 1

3 62P
4 87 3 1

5 112 >0.01
6 137 0.010
7 163 O*5
8 181 0.041

The data of radimetry and emical analysis a" v ew.e thet tk
mtion q=l to 3-4 length of the zone, that 1., about aL f of
Ingot, i refined of carbon to the gnetest extent.
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Transfer of Iron

Figure 3 gives a graph of the distribution of the radioactive iso-
tope Fe5 9 in an ingot of niobium of industrial purity after 10-fold zone
recrystallization. The data of chemical analysis give the sawe picture of
transfer of iron in the direction of zone movement (Table 14, Figure 4).

I 

0,75 - *. -

1 2 ? 7 *5 1 7 *r

Distance from beginning of
ingot in zone lengths

Figure 3. Change in Radioactivity Along the Length o fan Ingot
of Niobium With The Radioactive Isotope Fe After
10-Fold Recrystallization.

00

S I *! S * 5 1

Distanoe from beginning of
ingot in zone lengths

Figure 4. Change in Iron Content Along the Length of an Ingot
of Niobium After 10-Fold Roerystallitation (Frm Data
of Chemical Analysis).
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Table 4

Iron Content in Certain Sections of the Ingot'
After Zone Recrystallization

Distance
from

Section begin- Iron content,
number ning of %

ingot,
mm

1 10 Not revealed
2 35 . '
3 65 '
4 90 0,031
5 110 0,040
6 135 0,05
7 161 0.083
8 186 0.096

Along the vertical cross section of the ingot the iron (just as the
carbon) iS distributed uniformly. The results of radiometry and chemical
analysis make it possible to say that iron during zone arc recrystalliza-
tion is vaporised in a significant amount since only the last two sections
have a slightly different iron content from the initial iron content and
the first three sections can be considered to be practically freo from
iron, According to the data of radiometric measurements the dopee of
refining of these section is about 5l.

Thus, using the described regime of recrystallization the niobia Is
noticeably refined of iron.

Transfer of Lead

Published literature has no data on the phase diagram of tbe o-.f
system and before this experiment we did not know the factor of distibu.
tion of lead in niobium.

Figure 5 shows three curves of the distribution of lead U alim
for two ingots after 64 and 32 passes with a speed of 30 a/ndn. smd for
one Igot after 0 passes with a speed of 0.75 =4n. Tabs 5 e vd
of the chemical aalysis of specimens in different sectica. of tW iot
The Initial lead content in industrial niobim wis 0.03 vIto.
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00

S 1 4? * $J £ 7 5

Distance from beginning of
Ingot in zone lengths

Figure 5. Change in the Lead Content Along the Length of an
Ingot After Zone Recrystallization With Different
Speeds and Different Number of Passes as 1-30 m /minp
n -" 64; 2-30 z/miin, n - 32; 3-0.75 v/mn, n 10.

Table 5

Lead Content (in %) in Various Sections of the
Ingot After Zone Recrystallization

iSpe me o. of zone Bein-jnmbbr passes' gin' Middle En

164 I 0,0115 0.015 f 0.075

2 32 0,021 0.024 0.04
310 0.006 0.00 01015

It follows from the data in Figure 5 and Table 5 that lead is con-
centrated in the last section of the ingot. As the nmber of passes of the
zone along the ingot is increased the depth of refining of nobitu of lad
is increased. We calculated the effective factor of distribution of lead
in iobium; it vas 0.80 for a specimen after 64 passes of the mw med 0.71
for a specimen after 32 passes of the zone.

A third ingot (Curve 3, see Figure 5) was reorystaUlsod idtb s
speed ofmovment of the sone of 0.75 m/nin. Ton psm wee e aed ea ft
was established that in this regime of melting the vopfrfimtes f t
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lead predominates over the refining effect due to zone recrystallization.
The vapor ation rate upon a zone movement with a speed of 30 mu/iin is
1.8 x 10 0 gramnh/min sq cm and with a speed of 0.75 ram/rin it is 7.5 x 10- 6

grams/mnin sq cm. The over-all degree of refining due to recrystallization
and vaporization is considerably higher when the zone moves with a speed
of 0.75 ui/min. But the effect of refining due to only zone recrystalliza-
tion at a speed of 0.75 m/rmin is less than when the speed of movement is
30 un/mn. This can be explained by the fact that at low speeds of zone
movement its rate is comparable with the rate of diffusion of lead from the
liquid phase into the solid phase.

On the basis of these results certain conclusions can be reached.

1. The solubility of lead in niobium can be estimated in several
hundredths of a per cent; the lead addition in technical niobium, probably,
is in the solid solution (metallographic analysis nowhere revealed the
presence of a second phase). The diagram of Nb-Pb in its niobium part,
probably, should have a eutectic.

2. The lead content in technical niobium can be reduced considerably
by &one recrystallization during arc melting. The vaporization of lead
plays an important role; it can predominate over the effect of zone recry-
stallIation.

Tiansfer of Tungsten

The results of experiments on the transfer of tungsten confirmed the
assumption that tungsten is concentrated in the first section of the ivgot
and its factor of distribution is considerably greater thou 1.

Table 6 gives the results of measuring the activity of a nibim
ingot with the radioactivity isotope W1 8 2 and the results of mssuwing the
radioactivity of the ingot from the side of the crucible and alof the
upper side of the ingot.

Figure 6 gives the curve of distribution of the rodiotieUve is44oV 38 2 alog the length of the ingot; in this cae the activity wo ma ad

from the side of the crucible.

Study of the distribution of intensity of radiatio of the V14
ews that the ratio of intensities of the first and last weatims is U*

.uppe ls Is 4.65 to 1 vbile in the lowr layers (fruw thw sU4 of t
++ uusibe) the eiyalsut ratio is 3.1 to 1. The , e l

a!tve lamtoe in-m across the cross aetiou of the *Labba Inpt (me
Table 61 W ,ow the catimoue increase in the tWatm 9eetWt ft m t&
upner to the lower layers of th invt.
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Table 6

Change in the Activity of a Niobium Ingot With
Radioactive Isotope W182 Along the Length of the .Ingot (1/64)

Distance Radiation intensitj,

Section fro pulses/xirnute x am
nmber begLnning .

of ingot, Top of Bottom ofingot ingot

1 7 812 Soo
2 18 575 710
3 43 408 575
4 65 340 480
5 88 278 410
6 116 232 370
7 138 210 310
8 153 190 290
9 175 175 245

Notes Radiation intensity of the Ingt after
eon balancing was 625 pulses/minute x a'.

a - "

Distance frus beginning Of
ingot, in sone length

Figare 6. Chane in Radioactivity Along the Lengt cc an
Ingot of Niobium Wth doactive Istop
After 10-Fold Recrystallisation
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The redistribution of tungsten across the cross section of the
ingot can be explained by the following factors.

1. It Can be explained by the presence of a distribution coef-
ficient greater than 1. Such a distribution factor leads to relocation of
tungsten during zone recrystallization counter to the movement of the
zone and also counter to the direction of grain growth. In crucible
melting the grains begin to grow from the bottom and the walls of the
crucible and then they bend and grow along the axis of the ingot.

2. Insufficient mixing of the melt in the liquid zone as a result
of which the vaporization effect of the tungsten can cause impoverishment
of the upper layers of the niobium ingot. The vaporization of tungsten is
confirmed by the fact that the walls of the malting chamber which were
*leaned at the beginning of the melt show considerable activity after sons
recrystallization.

3. It is possible that there occurs also an accumulation of tung-.
sten in the lower layers of the ingot due to the difference in the specific
weights of tungsten and niobium.

4. Considering the saucer-shape of the liquid zone and the incom-
plete mixing of the melt in it it can be assumed that the capacity of the
zone with respect to additions differs along the height and drops from
top to bottom. This can cause nonuniform distribution of additions along
the height of the ingot and a more significant effect of the refining in
the upper layers of the ingot than in the lower layers.

The refining effect was inspected by chemical analysis and metal-
lographic methods. Table 7 shows the tungsten content in various sections
of the control ingot (without the radioactive isotope) after 10 posses of
the zone following the melting regime that has been described.

The nitial tungsten content in the niobium was 3 x lO-2 wt.%.

Table 7

Change in Tungsten Content in the Niobim
Ingot After Zone Recrystallizati

SDci tanc frau T Gf SftAM
minber, booi ng Of ooM1 t,

ibgot, M Wt.-

, 10 4,2
2 20 4.2
3 63 3A
4 90 1,
S110 0.44
6140 -
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Figure 7 shows the change in the tungsten content along the length
of the ingot from the data of the analysis. The effective factor of dis-
tribution of tungsten in niobium, calculated from the results' of experi-
ments on refining niobium of tungsten with inspection using radioactive
isotopes, is 6, and 25, and using inspection by chemical analysii it is
4.9. The calculation of the factors of distr.lution of lead and tungsten
was done using the method described in Paper Z33-.

0 1 2 J # S S 7 8

Distance from beginig of
ingot in Zan* lengths

Figure 7. Change in Tungsten Content Along the Length of a
Niobium Ingot After 10-Fold Zone Reor~stall.isation
(From Data of Chemical Analysis)

The difference between the distribution factors thatme fow W
tho se that were calculated from the phase diagram of Nb-41 L-9.j c= bo
explained by the influence of the vaporization of tungsten on th@e ffer
of zone recrystallization.

Metallographic analysis of the specimen shwed that wb t0 "nto
of movement of the zone is 30 m/nin a clearly exroo collo srw
is observed. 7he grains grow from the bottom and the val of QW OWSOJ
toward the axis of the incot, and bond In the direction of the ammt at
the zo-.

Uhm the rate of movement of the sone is 0.75 =F/ad vay Jw
grains that are oriented In the same way with a long*b of 15,.20 M m
formd; they occuyy the entire cross awtion of the powbg 21V gf k
crucible. X-rm anlsis shwe that them puts aro pwft n#
cryTstals O,~noe 8). The d mlnaI"n of blocks in than/ i gut"
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Figure 8. A Drawing of Zone Electric Arc Recrystallization:
1--Single Crystal Grains; 2--Direction of Movement
of the Zone; 3-Arc; 4--Zone; 5-Ingot; 6--Copper
Crucible.

Near the first and the last parts of the ingot the grains are
somewhat finer. The boundaries between them are difficult to perceive.
When the ingot is bent it breaks not along the grain boundaries but
across the grain; the fracture occurs precisely along the junction plane.

Investigation of the hardness of these single crystals showed that
some of them, located basically in the middle of the ingot, have a Brinell
hardness of 90-100 kg/sq mm. The initial hardness of the ingot after
balancing zone recrystallization was 180 kg/sq mm.

1. The paper contains a brief examination of the theoretical as-
sumptions of the possibility and effectiveness of refining niobium of
additions by the method of zone recrystallization.

2. The additions in the niobium are classified according to t.e
degree of effectiveness of their refining using zone recrystallization.

3. The experiments that were conducted on zone recrystallization
of niobium by the arc method in a copper crucible showed that effective
refinement of additions (carbon, iron, lead, and tungsten) with different
distribution factors is achieved.

4. It was established that in arc zone recrystallization of nio-
bium there is also refinement of additions by means of vaporization

(particularly the volatile additions and also metals that form volatile
compounds).
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ELECTRON DIFFRACTION AND X-RAY PHOTOGRAPHIC
INVESTIGATION OF OXIDE FILMS ON NIOBIUM

I. I. Korobkov
B. N. Revyakin
Chen' Khe-Min

The question of the structure and composition of oxide films that
form during heating of niobium in oxygen and in air is of great interest
for an understanding of the mechanism and the kinetics of its oxidation.
Many papers have been devoted to a study of this problem. However, dif-
ferent opinions are held concerning the oxidation products of niobium
which correspond to the different stages of corrosion.

According to data in literature [l, 2], the stable phases in the
niobium-oxygen system are the oxides NbO, Nb0 , and Nb2 05 . The oxide NbO
has a very limited region of homogeneity [ij which is in the range from
NbO 0. 9 4 to NbC)0 .4 This oxide melts at 19450C and has a cubic lattice
of the NaCl type with a = 4.210 A. Niobium dioxide NbO 2 also has a narrow
region of homogeneity which is in the range from Nb0 1 .94 to Nb02.09. The

oxide Nb02 (tmelting = 19150C) has a tetragonal crystal Jattice of the
rutile type with the parameters: a = 4.844 l, c = 2.9W A, and c/a = 0.618.
The melting temperature of the higher niobium oxide Nb2 0 5 is 14950C.
Synthetic niobium pentoxide can exist in three modifications: a low tem-
perature modification (T) isomorphic to the oxide Ta205 and stable to
9000C; a stable intermediate form (M) between 900 and 11000C, and a high-
temperature modification (H) above 11000C.

However, in more recent works [3-8] contradictory data have been
obtained concerning the number of modifications of Nb205 and the tempera-
ture ranges in which they exist. The work of Gol'dshmidt [72 was an
important contribution to the study of the polymorphism of Nb2 05 . This
work is devoted to an x-ray photographic investigation of the oxidation
products of niobium directly at high temperatures. It vas shown that the
low-temperature form of Nb205 (alpha - Nb205 according to Gol'dshmidt)
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that forms at temperatures up to 9000C is a metastable modification since
it is transformed into the high-temperature form (beta-Nb205) with dif-
ferent speeds depending upon temperature. Beta-Nb205 is formed at tem-
peratures of 900-12300C and does not undergo polymorphic transformations
at any rate of cooling to room temperature. The intermediate modification
(M-Nb205), discovered by Brauer, in the opinion of Gol'dshmidt is a varia-
tion of a structure of the H-form and the transition M to H is associated
with a slight change in structure. Above 12800C there is still another
modification which cannot be fixed by quenching [8].1

There are also a number of opinions concerning the nature of the
dark sublayer of oxide which always exists between the metal and the
fluffy layer of light-yellow oxide scale and which determines basically
the rate of oxidation of niobium in the process characterized by the
linear law. Using the same method of x-ray photographic phase analysis
[7, 9] only the Nb205 phase was observed in this sublayer (vi~th texture
features) while according to the data of Klopp and others Z-0_] a mixture
of the phases Nb205 and NbO was observed in the transitional layer.

Recently data have been obtained on the oxide phases on niobium
that form in the beginning moment of oxidation. As Seybolt.showed Zll,27
the solubility of oxygen in the lattice of metallic niobilm increases upon
an increase in temperature from 775 to ll000C in the ranL from 1.38 to
5.52 at.%. Brauer and Muller [12] and Gurlen [13] discovered that
under certain oxidation conditions of niobium oxygen can be dissolved in
the lattice of the metal above the range noted by Seybolt. The lattice of
the niobium is distorted toward being tetragonal; it is assumed [12]
that this phase is a suboxide of the Nb20 composition. In addition,
Gurlen [13]/ noted another phase also closely associated with the struc-
ture of niobium. He designated these two phases as NbOx and NbO y. Only

at niobium oxidation temperatures above 6000C and oxygen pressures of 1 mm
of mercury are the phases NbO and NbO 2 revealed in the oxide film from his
data obtained by electron diffraction.

It should be noted, however, that no systematic investigations of
the structure and composition of oxide films that form on niobium in the
different periods of oxidation have been conducted. It is also known that
when niobium is heated above 3000C in oxygen or air, depending upon time,
oxidation products can form on the specimens which can be arbitrarily
divided Into four groups:

(a) thin films of a golden color up to 1000 A thick that can be
studied only by the electron diffraction method;

(b) thicker black films; they are very strongly linked with the
metal and are difficult to process with abrasives; these films
are thick enough to be investigated by the electron diffraction
and the x-ray photographic method;
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(c) a white scale that forms after a certain oxidation time that
is characteristic for each temperature; this scale flakes off
the specimen easily upon cooling;

(d) a black sublayer of oxide located under the white scale.

This paper reports the results of electron diffraction and x-ray
photographic investigation of the phase composition of oxidation products
that form on niobium in relation to temperature and oxidation time with
isothermic soaking in oxygen (150 mm of mercury) in the temperature range
400-1100°C. A metal was used for the research for which data had already
been obtained under the same conditions on the kinetics of oxidation Z14_

Research Methodology

A study of the phase composition of oxides that form on the sur-
face of niobium specimens during isothermic oxidation was made using the,
electron diffraction and the x-ray photographic method with reflection.
The scale which separates from the specimens upon cooling is also studied
by the x-ray photographic method (the powder method).

The electron diffraction investigation of oxide films were conducted
with a vertical electron diffractor made at MIFI. The distance L from the
object to the photographic plate in the equipment is 50 cm, the size of
the photographic plate is 9 x 12 (12 photographic plates are loaded simul-
taneously into the device), the accelerating voltage can vary from 40 to
80 kilovolts. The constant of t e device lambda L (where lambda is the
wave length of the electrons in k) was determined using a constant standard
-- a thin layer of aluminum. The standard was put under the first bundle
of electrons at a fixed distance (12 cm) from the photographic plate. As
a result, two systems of rings were simultaneously photographed: rings
from the specimen investigation and from the standard (Figure 1).

Determination of the constant of the equipment led to measurement
of the diameters of the very clearly expressed lines of the standard using
a comparator and multiplication of the results that were obtained by a
scale factor that was found earlier for each step of accelerating voltage.
The accuracy in determining the interplanular distances in this method was
an average of 0.5%. The x-ray investigation was conducted on copper
radiation with a nickel filter obtained using a clearly focused x-ray tube
at a voltage of 45 kilovolts. The x-ray photographs were taken in a
camera RKU 114 mm in diameter. The research material was technical niobi-
um remelted in a vacuum of 99.9% purity.

The preparation of the surfaces of the specimens for the study
using the "reflection" method was the same as for kinetic investigations

Z-14.J. In some cases, mainly when thin oxide films were studied, to
reduce the oxidation rate in the first moment the surface of the specimens
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after being polished with emery paper of different grades was carefully
polished with a cloth. Before oxidation the sTecimens were heated in a
vacuum of the order of 10-6 mm of mercury to an assigned temperature.
Only then was oxygen permitted In the system. After the exposure the
heating of the specimen was stopped (the furnace was lowered) and oxygen
was simultaneously pumped out of the equipment.

Figure 1. An Electron Diffraction Photograph Obtained
Simultaneously From the Surface of a Niobium Specimen
Oxidized at 8000 C for Five Seconds and a Standard--
a Thin Film of Aluminum.

Table I gives the temperatures and the oxidation times of specimens
and the characteristics of the oxidation products that form.
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Table 1

Length of Oxidation of Niobium Specimens at a Given
Temperature Until an Oxide Film of a Definite Type Appears

Oxidation time until appearance

Temperature, Thin golden Black White

OC film up to fl shite
1000 R thick film scale

400 10 minutes 13 hours
500 80 seconds 5 minutes 120 minutes

600 20 " 1 " 120 "

700 10 " 40 seconds 120 "

800 5 " 30 " 180 "

900 5 30 " 120 "

1000 3 " 20 " 120 "

-10 - -IO- 120 "

A Discussion of the Research Results

The results of electron diffraction and x-ray photographic investi-
gation of the structure and composition of oxide films and of thicker
layers--scale-that form on niobium at different temperatures and with
different oxidation times are given in Tables 2 and 3. In Table 2 data
are given on the interplanular distances of the oxide lattice that forms
in the first moment of oxidation (in the first 5-10 seconds) for the

temperature range 400-11000 C in the form of thin oxide films of a golden
color (Collmn 1) after some time when the film becomes black (Column 2),
and after a longer time sufficient for transformation of the black oxide
film into a white oxide (Column 3--sublayer, 4--white scale).

Figure 2, a and b, gives the characteristic x-ray photographs ob-
tained using reflection from the surface of oxidized specimens of niobium.
In the same figure (c and d) are the x-ray photographs obtained using the
powder method which are characteristic for the white scale which flakes
off the specimens. On the basis of data concerning the relative intensities
of the lines and the interplanular distances a number of general conclusions
concerning the structure and the phase composition of the oxides that form
on the surface of niobium during its oxidation in oxygen in relation to
temperature and heating time can be made.
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Table 2
0

Interplanular Distances d(A) x or Oxides Formed on the Surface
of Niobium in Oxygen (150 mm of" mercury)

At temperatures 400-11000C (numbers in parentheses are
intensities of lines: I - strong; II - average; III - weak).

Columns: 1 and 2 - from electron diffraction; 3 and 4 - from x-ray analysis
(Cu Kc-radiation); 1, 2, and 3 - reflection method; 4 - powder method.

Nb,O, 400* C
NbO NbO,
(21 (21 a _22

- - 3.93(1) - - 3.93(I) 3.94(i)
-- - - 3,76(1) 3,73(1) - -

-- - - 3~(1) - - -

....- - 3,62(l) - -

- - - 3,57(1) - -

- 3.46(1) 3,48(111) - 3,48(1) - -

- 3,37(111) - 3.37(111) 3.34(11)
- - 3.145(f) - 3.14(1) 3.14(1) 3.14(1)
- - 3,085 (1) -..

2,95(11) ......
-- 2,82(111) - 2.82(11) - -.

-- - - 2.78(I) 2.76(i) - -
- 2,73(111) 2.73(111) -..

- - 2,60(111) -..

- 2.55(I) -- 2.52(111) 253(11) - 2.50(111)
- 2.44(111) 2.46(11) Z- 247 (11) 246(11) 2.44(11)

2.42(11) - 2.43(11) ....
- - - 2.32 (11) 2.30(11) - -

- 2,26(111) -.....
2.10(0) 2.08(111) 2,11(111) - 2.1001) 2.14(111) 2,12(11)

- - 2,01 (11) 2,06(11) 2,05(11) - _
1,98(U11) 1,96( -

-- 1,90(111) - 1,91 (11) 1,90() - -

1.87(11) - 1.87(111) 1- ,87(111) - -

-- - 1,83(11) 1.82(11) - 1.82(11) 1,82(11)
- .76(f) 1,79(11) 1,78(11) 1,78(11)

1,71 (II) 1,71(1) .1,74(111) 1,75(11) - - _
- 1,64 (111) 1,66 (11) 1,68(11) 1,68(i) 1,64(11) 1.,5(11)

-- 1,61(111) 1.63(11) ...
- 1.57(111) 1,57(11) 157(1) 1,68(11) -

-- 1.54(11) - ,52(111) 1,52(111) - 1.54(111)
1,48(1) - 1.45(111) - - 1,48(11)
1.40(11) 1.43(11) 1,4001) 1,40(111) 1,41(11) -

- 1.37(11) - - 1.39(011) -
1,38(i) - 1.32(11) - - 1,31 (ll) 1,33(111)

-- - 1,30(11) 1.31 (111) -
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Table 2 (continued) Part 2

noeC s c 1
2 2 3 4

- - 3,94(11) 3,91 (1) 3,93(11) - 3.91(11) 3,91(1)

- -- 3.48(111) - - - 3,49(111) -
3,46(111)

3,14(1) 3,13(f) 3,14 (1) 3,13(!) 3,14(f) 3,14(1) 3,14(f) !3,13 (1)
- - - 3.06(111) - - - 308(m1)
- - 2.95(111) - 2.96(111) 2,96(11) 291 (iii) -

- 2.73(111) Z.74(111) Z - - 2.4(IIf) -
- - 260(I11) - - - 2,61(111) -
- - 2,52(11) - - - 250(111) -

246(I11) 2.46(11) 2.46(11) - 2,46(11) - 2,45(111) 2.45(111)
- - 2,42(11) 2.43(11) - - 2,42 (111) 2.42(111)
- - 2,34(f) - - Z32(iili -
- - 2.24(11) - 2,7(11) - -

214(1l) Z,13(il) 2,08(iii) 2,11(!i) 2,11(111) Zoo (11) Zoe (11) Z2,1 11l)

- - 2,02(111) 2 - - 03(111) 2,01 (111)
- 1.96(11) 1.97(11) 1.96(11) - - 1,97(11) 1,96(11)
-- - 1.91 (111) 1 - I,90(Ii) --

1.82((,) 1.82(11) 1,81()-) 1.82(11) 8).82()
- - 1,78(111) 1.78(iiI) 17- li78(1) 1,78(111)

S .7501) 1.70(111) -
,61i) I66( 1,66(11) 1.66(11) 1,66(11) 1,66(11) 1,68(111) 1.66(11)

-- - 1.60(11) 1.62(111) - - 1,60(11) -
-- -- 1,57(11) 1,56(111) - - - 1.57(11)
-- 1.54(111) 1,52(11) I,3(il) - 1.51 (il) 1,52(11) -

1,49(1) 1.46(11) 1,46(11) 1,45(11) 1,48(11) 1,46(11) 1.46(11I) 1.44(11)
- 1.42(11) 1,40 (iii) - 1.42(1) 1.41 (ii) - -

-- 1,37(11) 1,37(11) - 1.37(111) - 1,35(11)
- ,33(111) 1.33(11) - 1.32(111) 1,32(111) 1,32(11) 1,32(111)
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Table 2 (continued) Part 3

7w0 C mv c

1 2 3 4 1 2 3 4

393(11) 3,93(111) 3 ... 3,91 (1)
3.74(i) 3.75 (1) 3,74(I) 3,74(11) -

....-. 3,68(I) .....

361 (If) - - 3,62(11) 3,62(11) 3,62(111) -

3,49(11) .3.48(111) - - 3,49(ii) 348(11) -

- - 3,36(11) 3,32(11) - -

3.14(111) 314(111) 3,14(I) 3.13(f) - - 3,14(1) 3,13(1).
.... 3,0(11) - - - 3,0(f)

2,94(11) 2,1 (1) 2,91((.() .294(11) 2-94(1) Z94 (1) -

- - 2.83(111) 2.83(111) - -

... 2,77(111 2.77(11) 2.78(1) -

.. ..- 2,74 (111) ....

2,59(i11) 2,61(111) -262(11) -

2.52(111) - 2,50(11) - 2,50(11) 2.51 (iII) 2.50(111) -

2.45 (11) 2.46(11) 2,44(11) 2,45(11) - - 2.46(11) 2,45 (.1)
- 2.41(11) . 2.41 (11)

2.30(111) 2.30(11) 2.32(11) Z133(0I1) 2,32010 2.32(111) -

- -- 226 (111) -- 2.22(11) 2,24(111) - -

- 2.11 (ii) 2,06(i1) 2,10(111) 2.100i11) 2.10(111) 2068(11) 2,10(11)
- 2,03(111) 2,OO(11) - 2.02(111) 2,00(1l) -

1,97(04 1.97(111) 1,0(1) I.9i(1l) - 1,97(111) 1,97(11) 1,96(I)
- 1,93(11) - 1.90(0) 1.90() 1.92(11) -

1.87(11) -- 1,88(111) - 1,86(11) 1.86(111) 1.87(111) -

.. .....- 1,81 (I) 1,81 (lii) 1,82(11) - ,82(11)

...-. 1,78(f) 1.78(11 1,76(11) 1.77(i1) 1,78(11) 1,78(11)
1,74(11) 1.73(11) 1,73(111) -- 1.72(111) - 1,73(111) -

I.iOI i) . ,,67(111) 1.65(1) 1,6711) 1,67(111) 1,68(111) 1,65(11)

1,62(11) 1,62 (11) - 1.63(11) 1,62(111) 1.62(111)

1.57(11) 1,570) 1,57(11) 1,58(1) - 1,68(n) 1.56(111)
I.-SR (111 1.510l4 1.53(ii) 1-530l) 1.520ll) 1.51(i11) 1,52(lii) 1.53(111)

1.45(11) 1,44(11) 1,.46(111) 1.45(11) 1,44(11) 1,45(11) 1.451111) i,45(ll)
1.42(11) - ,40(ll) 1.42(111) 1,40(11) 1.40(111 -. 1.41 (II)
1.35(111) 1,37(111) 1,35(11) ,34(1If) 1,37(111) 1.38(111) -. -

1.321111) 1.32(111) 1,32(111) .34(111) 1.32(111) 1,33(11)
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Table 2 (continued) Part 4

VC 1000" C 1100 C

I2 3 4 1 2 3 4 2 4

- I

_ - 3,94(111) - - - - - - -

3.75(i) 3.73(1) 3,73(i) 3.72(i) 3,75(i) 3.72(f) 3.73(l) 3,73(i) 3,76(1) 3.72(11)
..... 3,68(111) - - -
- - 3,60(111) 3.62(1) .......

3,5(ii) 3.6(11) - - 3.55(ii) - 3,54(111) - 3,56(i1)
- - 3,47(!!1) 3.47(1) - - - 3,48(i) - 3,47(i)

3,36(11) 3,35(11) 3.35(111) 3,35(ili) 3.36(il) 3.34(11) - 3,35(i1) 3.36(111) 3,33(11)
- 3.16(iil) 3,14(111) - - 3,14(111) -- --
_ - 3,07(il) - -..

- - 296 (ill) - - - 296(1I) - - -

,81 (iI) - - 2.82(11) 2,81 (11) - - 2,82(11) - 2.82(11)
- 2,78(1) 2.78(11) 277(11) - 2,78(1) - 2,76(11) 2,78 (i) 2,76(11)

- - 2,70(011) - - - 2.70(11) Z- 270(11)
-- -260(111) .......

2,Z3(i11) 2,51(i11) .2,51(111) Z53(111) Z533(11) 2.52(11) 2,52(111) 2,53(11) 2,53(I11) 2,53(11)
S - 2,46(111) 2,50(11) - - - 248(11) Z- 2,8(111)

......- - - 2,40(111) - - -

2.32(111) 2,30(i11) 2,31(ill) 2,30(11) 2,32(11) 233(11) - 2.31(111) 2.32(111) Z31 (11)
......- - - 2.24(1) - - -

- 2,0(111) 2,0(111) -.. . 2,08(11) 2,08(11) - 2.08(11)
- - 2,02(111) - - - 2.02(11J) 2,03(1) - -

1.90(0) I.90(1i) -- 1.90(f) 1,90(1t 1.90(i) 1.9 11 I.(,)() 1,90(ill) I'm0(i)

1,87(111) 1A6(111) 1.87(11) - 1.87(111) 1.86(11) 1986(I) - - -
.- 1.83(111) 1.82(11) - 1982(111) 1.82(111) 1.81 (ill) - 1,81 (il)

1.78(11) 1,76(11) 1,78(11) 1,78(11) 1.78(11) 1.77(111) 1,78(111) 1,78(11) 1978(111) 1,78(111)
- - 1,74(11) 1.73(111) - - 1,74(111) 1.73(111) - 1,73(11)

1,68(I) 1,68() - 1,68(11) 1,68(1 1.68(1) 1.68(11) 1.68(11) 1.68(1) 1,68(1)
- - 1,63(i111) - 1,62(111) 1,62(111) 1.63(11) - 1.62(11)

1.58(11) 1,57(111) 1.58(7i() 1,158(111) - - 1,56(11) 158(1) 1,58(111)
1.52(11) 1,51 (1) 1,52(111) 1,53(111) 1.52(11) 1.52(11) 1.52(1) ..52(11) -- 1.52(11)

.... 1.45(111) 1,45(111) - - 1,45(111) 1,45(111) 1,45(il) 145(11)
1.40(111 1.40(11) 1,40(11) 1,40(11) 1,40(11) 1.40(11) 1.41 (111) 1,40(1) 1.40(11) 1,40(11)

- 1,33(01) 1 1.33(1i1) .........

1.30(1 1,30(11) 130( ) 1,30011) 1.30(11) - 1.30(111) 1.304111) 1.30(111)
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Table 3

Oxide Phases That Form on the Surface of Niobium
in Relation to Temperature and Oxidation Time

Tern- Thin oxide Thick oxide film up to I

pera- film up -- nd 0 microns thick White
ture 1000 R . Electron X-ray scale

thick [diffraction photography

400 Pi u.Nbsa u'-Nb$O& 1

au.Nb,01  ! .
5 J .-Nb20 -t- Nb1

600 a-Nb2 1  uNb.0, NbO abNbsO --" 1O,

700 +Nb * .NbO06 , c•'- Nb -- N O

%*NbON* aNbA
; a,.bNbO. +.

800 A'.NbO, J.Nb. .N Pb,0.. NbO

9W P'-Nj NbA + _NbO a" P N 601 bA

IOW P'-Nb,,O- .,Nb,O, J f'.NbO NbO- P-.NbA

1100 P'.NboA - I p-,,,o

* Oxides designated arbitrarily.
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Figure 2. X-Ray Photographs Obtained From the Surface of
Niobium Specimens Oxidized for Two Hours: a--
8000C, a black sublayer (reflection method);
b--800C, a white scale (powder method); c--9000 C,
a black sublayer (reflection method); d--9000 C, a
white scale (powder method).

First, it can be noted that the composition of the white scale
that flakes off the specimen corresponds to that of niobium pentoxide
Nb2 05. Up tc 8000C inclusively the structure of this oxide corresponds
to the alpha-modification (the low-temperature form) and at 9000 C and
above it corresponds to the beta-modification. These data agree well
with the results obtained in the work of Gol'dshmidt C7_] on niobium
specimens when they oxidize in air. The values of the relative intensities
and the interplanular distances that we obtained agree well with the values
given in this work.

There was not such close agreement between the indicated tabular
data, however, for oxides in the form of thin oxide films that fcrm on
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niobium in the first moment of oxidation or in the form of a dark sublayer
which always occurs between the metal and the fluffy white scale in the
later stage of oxidation. According to the electron diffraction and x-ray
photographic data obtained by reflection, the composition of the indicated
oxide layers on the niobium correspond also basically to the oxide Nb2 05 .

However, the structure of this oxide is somewhat different from the
well known phases alpha- and beta-Nb205 in the electron diffraction and
x-ray photographs obtained from the surfaces of specimens oxidized at
temperatures up to 8000C this difference is revealed first of all by the
absence of strong lines with d = 3.08 and. 2.42 A. The ratios of the
intensities of certain lines also can be distorted (see Figure 2). At
9000C and above an oxide phase similar in structure to beta-Nb 2 5 is
revealed in these films. As seen from Table 2, this phase can be identified
just as the M-modification of Brauer [7I7. Considering the data of
Gol'dshmidt [77 the M-phase should be considered to be a variation of
the structure beta-Nb2 0 5 . Considering the differences in the structure of
the oxide phases observed in the films strongly bound to the metal and the
structure of oxides that flake off the metal (alpha- and beta-modificatioins
of Nb2 05), we designated the first oxide as alpha'- and beta'INb205*
Figure 2 gives the x-ray photographs obtained by reflection from the black
sublayer and by the powder method from the white scale. They illustrate
the differences in the phases at 8000C (a, bj and 9000C (c, and d).

As seen from Table 2, the structure of the primary oxide films
that form on niobium in the first moment of oxidation undergo a change
during growth in isothermic oxidation. The character of the structural
changes depends basically on the oxidation temperature. Thus, at 500-8000C
the golden film alpha'-Nb2 05 that formed in the first moment of oxidation
(see Table 2, Column 1), after a certain time is transformed into alpha-
Nb2 05. In the electron diffraction photographs corresponding to the dark
films firmly linked to the metal (see Table 2, Column 2), in addition to
the lines corresponding to the alpha prime-modification of Nb205, a num-
ber of lines not inherent to this modification are revealed.

It was not possible to compare the values of the interplanular
distances d from any phase in the niobium-oxygen system. There is only
approximate agreement with the values d published for phases NbO and NbO 2.
In the x-ray photographs obtained from these same specimens but oxidized
for a longer time (see Table 1) similar systems of lines were obtained
(a number of lines appeared as a result of the low thickness of the film
correspond to the cubic lattice of niobium). Judging from the intensity
of the lines on the electron diffraction photographs and the x-ray photo-
graphs the amount of phase alpha -205 in the film is increased as
thickness increases. In the final analysis, as was noted above, the
structure of the scale that flakes off the specimen which formed at 400-
8000C corresponds to the oxide alpha-Nb2 05 . At a temperature of 8 000C
and above in the first moment of oxidatidn there is formed a thin oxide
film close with respect to structure to the medium-temperature
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modification beta'-Nb205. With the passage of time of isothermic oxi-
dation at 900°C and above there is observed a gradual transition of beta'-
Nb205 to the beta-modification. In the dark oxide films that form at
temperatures below 900 C some amount of alpha-modification of Nb205 is
also revealed.

The fact of the formation of the low-temperature form of alpha-
Nb205 on niobium at temperatures above 800

0C and its transformation into
the beta-modification agrees with the conclusions of Gol'dshmidt [-72.
The formation of the high-temperature modification of Nb205 in the first
period of oxidation beginning from 7000C (see Table 3), established in
this research, also does not contradict the results of this work. The

* formation of this modification on the surface of niobium as is known
I was normally observed at temperatures only above 800°C t5, 72. The ap-

t. pearance on electron diffraction and x-ray photographs of lines of the
beta'-Xb205 phase is associated with the short-time increase in the
temperature of the specimens surface in the initial moment of isothermic
oxidation. Measurement of the temperature of the surface of specimens
during their oxidation showed that the oxidation temperature can be 1000 C
higher than the temperature of the furnace due to the heat of the forma-
tion of oxides.

rco - - - .- - - -

too I

Joe 100
1001----- - --

0z--- I L---ll

o 493i9 t

seconas

Figure 3. Graph of the Automatic Recording of the Temperature of

heSpecimen From the Moment it is Placed Into the Furnaceaed to 800.
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These data were obtained using a Chromel-Alumel thermocouple 0.1 mm

in diameter fastened to the specimen. Figure 3 shows the graph of the

temperature of the specimen inscribed in the equipment EPP-09 in the first

moment of oxidation. As segn from the graph, the overheating of the sur-

face of the specimen at 800 C lasted 10 seconds in all. This overheating
can be explained by the formation of an oxide phase corresponding to higher
temperatures on the surface of niobium at 7000C and above.

It also should be noted that at temperatures above 7000C textured
oxides were revealed in the dark films that are firmly linked to the
metal. In addition, during the process of growth of the oxide films
slight structural changes are observed which are manifest in a change in

the relative intensities, formation of new doublets, and a change in the
position of certain diffraction lines.

Conclusions

Electron diffraction anl x-ray phvographic investigation of the
phase composition of oxides on niobium in contact with metal and flaked
off of it aftes oxidation in oxygen (150 mm of mercury) in the temperature
range 400-1100 C was conducted. As a result, it was established that:

1. The structure of oxide films firmly bonded to the metal, in
relatlon to the temperature, more or less are different from
niobium oxides that have already flaked off the specimen.

2. In the temperature range 700-9000C a mixture of the phases
alpha'-Nb2 05 and beta'-Nb2 05 is observed in these oxide films.
As the temperature is raised the amount of the phase alpha'-
Nb205 is reduced and the amount of beta'-Nb20 5 is increased.
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INVESTIGATION OF THE KINETICS OF THE OXIDATION OF
IODIDE NIOBIUM REFINED BY THE EICTRON-BEAM METHOD

I. I. Korobkov
B. N. Revyakin
Chen' Khe-Min -

In investigating the kinetics of the oxidation of niobium 2I] two
phenomena were noted which to some degree can be associated with additions
in the metal. They are the basic scattering of the values of the oxidation
rate in isothermic oxidation of niobium of different melts and the ano-
malous relation of the oxidation rate to temperature in the range 800-9000
C. To clarify these phenomena this problem was examined once again and
experiments were conducted on specimens of purer metal.

Since publication of our first paper, works have appeared which are
devoted to investigation of the oxidation of niobium in oxygen and in air
[2-52. As a result of these investigations certain features of the
kinetics of metal oxidation were established and partly confirmed. They
include the reduction in the oxidation rate of niobium upon an increase in
temperature in the range 600-6500 C Z-2, 3, 5_7 when the metal and the
oxide that forms on it do not undergo polymorphic transformations. The
anomalously high oxidation rate of niobium in air at 8000 C that was noted
in the work of Klopp and others -6] was subsequently confirmed when it
was oxidized in oxygen ['l, 4]. In our opinion, hcwever, the reduction
in the oxidation rate with an increase in temperature in the range 800-
9000C should be considered an anomaly. This effect, according to our
data, and also the data of other works Z-l, 4], is associated with the
formation at these temperatures of different modifications of the oxide
Nb2O5s alpha-Nb205 at 800

0C and beta-Nb 205 at 9000C.

This paper reports the results of research on the oxidation kinetics
of niobium of high purity in the temperature range 350-120OoC in intervals
of 20-300. Data on the relation of the oxidation rate of niobium to the
oxygen pressure for temperatures 400, 625, and 10000C are also reported.
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The Research Materials and Methodology

To refine the initial niobil--m (99.9% pure) of additions it Ta b-
jected to iodide refining by the methodology developed in the laboratory
of MIFI [7 ). Then, rods of the iodide niobium were rmelted in an
electron-beam furnace in a vacuum of the order of 10-: mm of mercury; the
Brinell hardness of the remelted niobium was 40 kg/mm2 , That is, it was
considerably lower than in other types of niobium (the hardness of niobium
remelted in an electron-beam furnace without iodide refining was 70-75
kg/mm2 ). The ingot of metal that was obtained was cold rolled without in-
termediate anneals into a sheet 1 mm thick. Then specimens were cut from
this sheet for kinetic investigations. The specimens were 17x8xO.9 mm.
The kinetics of the oxidation of niobium were studied using the method of
continuous measurements of the gain in weight of the specimens in special
vacuum glass micro-scales in an atmosphere of oxygen.

Basically the research was conducted at an oxygen pressure of 150 mm
of mercury which corresponds approximately to the partial pressure in air.
Besides, at O, 625, and IO00C the kinetics of oxidation of niobium were
studied in the range of oxygen pressures from 20 to 760 mm of mercury. The
oxygen was obtained and cleaned using the methodology described earlier
[1. At temperatures of 350, 400, and 4500C a study of the kinetics of
oxidation of niobium w conducted on torsion microscales [1] with a
sensitivity of 2 x 10' grams and at temperatures of 5000 and ahv-
on specially designed quartz spring scales with a sensitivity of 3 x 10- 6

grams (Figure 1)e

C Gas

To vacuum
pump

Wa~er

Figure 1. Drawing of Glass Vacuum Micro-Scales With a Quarts Spring.

- 80 -



So that the - io. ff- --n,:oul d nor
the weighing resuIts, Ona.,on

wire 0.1 imr in dinmeter inside ,, .- :n platinum wire
which the scale was cai;-h T r'a ',*.

1;'r, was hung on -,-e

balance arm of tlh"n ca. or _- - . . " . -, ent The .

men was fitted wit a k, o easiure the -
ture of the specimen. Tr- -t ... ± to a vacuum of

order of 1C-6 rn Of mrc, , ,,- .re,;tred temperaz,-
was mounted on a quartz nc-o , ,.paed. In 2
rinutes a thermal, balance wa, rac. i .. E space and then ,g
was ad rditt,-.d for 30 seconds. Th-. -o. n furnace was nai,.: .

with an accuracy of plus or ninus -3'

Before investigation the , :;. .. ± A..f

paper of different grades up to ,c 2' erri ere . in acetone:
and alcohol. Data were obtaicad fr, -. :-5 a x'uiLe, i ;ic.-....
specimens,. The reproducabilty .:' ion of dffer:
specimens 1.under these conditions w.s -3ecsf:,,,- ' : " • fron:

values did not exceed 5%-

Results of the Research

zig,-es 2-14 give the reslts ,f .v-.-.gaiio, of the kinetics -ct
the oxid.ation of niobii-r, in oXy-n a r s:re of i5Q mm of mercury in
the temperature range 350-12300C. D-ff- ,rt i e -- in the kinetics of
metal oxidation were observed :teeiA; tpon -.erper'tre.

In the temperature range 356-LOOC'k (see Figure 2), on the curves of
the oxidation in the coordinates weighit-time there are clearly expressed
two sections which characterize the differcnt periods of niobium oxidation.
In the first period there is a parab. ]' ti:, - . .- L:.ry beginnIn,;
stage of oxidation which lasts sevenii- .- ccni>; i! nor, considered. This is
confirmed by the data presented i, .'i'zr -* ,  LcI, teL relation of tr.e
squares of the weight gain tc. t.i c is f: z ,_-c; t.(r.erat.ure.

After some time the paraboli h-4 b.c~'cs iinear ihich is charac-
teri.stic for the second period of o1I,r,. Th" transilon te the linerr
law occurs after a gradual increase in .he cxidatior rate over the rate
observed at the end of the parabolic s<:gm,;',t. This so-called transitional
stage is designated in Figure 2 b) AB. Ftgur. 6 si.ows that the duration
of the first period of oxidation an, -o cf r.,o .,:,itial .Lage Ocponds
basically on the temperature of o)iJaton- The ,ine in whIch the paraeotic
law is observed (the flrsL stage) iz, s-,,,tend ,-.t, an lncrea-e in tempera-
ture (see F'igure 6) according to the .-xponent!ai .tw. Acording to this
same law the duration of the 'rFr .:n... , sh.rtoec. SuL Lh,

gain in weight correspozndiig to tre -t~I.n ,f .I.o accelerated oxidation,
in the temperature range 350-)OUcC, . , . ..., .: miiligc.rX.
per square centimeter.
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Figure 3. Oxidation of Niobium in the Temperature Range 900-12000C
in Oxygen at a Pressure of 150 mm of Mercury: a-950-975OC
b-1100-12000 C.

- 83 -



000

0~ N 0 50 a w a go uw
Time, minutes

(a)

of'- _ __ _ _

blot

Time minutes

Figure 4a and b. Oxidation of' Niobium in the Temperature Range 450-
8500C in Oxygen at a Pressure of 150 Mm of IMerourys
a--450-550PC; b-600-675 0C.

-84-



Time, minutes
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M 4000 .... ....

Temperature, 0 C

Figure 6. Relation of Oxidation Time According to the Parabolic
Law (1) and the Transitional Stage (2) to Temperature.

From visual observation the parabolic law of oxidation occurs in
the formation on the specimens surface of a continuous oxide film that is
black or dark gray in color and is firmly bonded to the metal. An increase
in the oxidation rate of niobium and the transition to the linear law co-
incide with the appearance on the surface of the specimens of a white oxide
which has a very porous structure. The white oxide is not firmly bonded
to the lower layer of oxide and flakes off the specimen easily when it is
cooled.

We also observed the formation of oxide films of a dark color at
higher temperatures. However, their duration at temperatures above 5000C
was less than 1 minute.

Figure 7 is a microphotograph of a specimen of oxidized niobium. A
sublayer of black oxide film can be clearly seen on the boundary with a
metal. The greatest part of the scale is the exfoliating white oxide.
Therefore, it can be concluded that the cracking of the white scale occurs
parallel to the metal surface. It should be noted that the white oxide
that formed at low temperatures (up to 4500C) is a powdery product and at
higher temperatures (above 7000C) the white oxide flakes off the specimen
in plates of the same size as the oxidized surface of the metal (Figure 8).
With an increase in the oxidation teuperature the strength of the layer of
scale that is white is increased. This is especially noticeable at tem-
peratures in the range 900-12000C.

- 87 -



3

Fig~are 7. Microphotograph of an Obliqu~e Cross Section of a Niobium
SPecimen Oxidized at 6120C for Two Hours: 1--metal;2 -- sublayer of' oxide; 3--white scale,

Figure 8. External Apperace of SrecImens and Eyoiteo1Se8oAfter
Oxidation at Various Temperatures: &--ouu60W;~~u
0-1000 C.

-88-



At temperatures of 450 and 5000 C parabolic segments on the curves
of oxidation, as seen in Figure 3, have short duration. At temperatures
above 5000C, on the oxidation curves neither the parabolic segment nor the
transitional stage which are characteristic for lower temperatures are
revealed. At certain temperatures (550, 650, 675, 7000 C and others) the
linear law is established only 40-50 minutes after the beginning of oxi-
dation. During the period before the establishment of the linear law a
periodic increase and reduction in thb oxidation rate is observed; these
fluctuations in the oxidation rate are not reproduced accurately from ex-
periment to experiment. However, the over-all character of the oxidation
curves is retained.

Thus, on the basis of what has been given, it can be concluded that
the oxidation process in all of the investigated temperature ranges (350-
12000C) can be deeswribed by the linear equation

Lm - Kt + C

where Z m is the weight gain, grams/sq cm; t is the time, seconds;
K is the constant of the linear law of oxidation, grams/sq cm x seconds;
z is the constant charactarising the unestablished process.

The table below gives the values of the constant K for various
temperatures and Figure 9 shows the relation of lgK to 1 where T is
absolute temperature. It ca4 be seen from Figure 9 thaT the linear re-
lation of the logarithm of the ccnstant of the linear law to the reverse
absolute temperature which is normal for most metals occurs for niobium
only in the temperature range 400-6000C. The value of the energy of acti-
vation of niobium oxidation computed from this segment of the line was
equal to 13 kilocalories/mol.

Table of the Values of Constant K of the Linear Law of
Oxidation Rate of Iodide Niobium in Oxygen (150 mm of Mercury)

Tempera- Kgams/ Tempera- K, grams/
ture cm5 0 ture cm2

°C second °C second

350 5,5"10" 800 8.13.10-:
375 3,34.10-6 825 8,93.10-'
400 1,53"10 7 850 1,07-10-
450 3,41-I0-7 900 1.17.I0-3
500 6.5.3.10' 9'25 9.17.10'
550 7.92. I0 950 8,43.10-
600 1.31 10- ' 975 1.21•10-5
612 6.9. i0-7 1000 1.24.10-6
625 7,151I0" 1050 1,12- 10- &
650 7.65. 10-" 1075 9.91• 10-
675 1.49 10"' 1100 7.54. 10-'
700 3.28"10-' 1150 11,.10'
750 7.5"10-' 1200 2,42.10-'
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Figure 9. The Relation of the Logarithm of the Constant of the
Linear Law of the Cxidation Rate of Niobium to the
Reverse Absolute Temperature

At temperatures above 6000C the relation of the oxidation rate of
niobium to temperature is complex. The over-all feature as at lower tem-
peratures is an increase in the oxidation rate with an increase in the
temperature. However, it is seen from the table that in the temperature
range from 600 to 12000C there are intervals where the oxidation rate is
reduced with an increase in temperature. Thus, upon an increase in tem-
perature from 600 to 6120C the oxidation rate is reduced from 1.31 x 10-6
to 6.9 x 10-7 grams/sq cm x second. With an increase in temperature above
6120C the oxidation rate increases right up to 9000C and then it once again
begins to drop. This reduction in the oxidation rate is observed in the
temperature range 900-950'C. The slight increase in the oxidation rate of
niobium upon an increase in temperature above 9500C is once again followed
by a significant reduction in it (from 1.24 x 10-6 to 7.54 x 10-6 grams/
sq cm x second) in the temperature range from 1000 to 110OC.

Thus, in the temperature range 60-12000C there are three intervals
in which an anomalous temperature relation of the oxidation rate of niob-ium
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is observed. As a result of these anomalies in the temperature relation of
the oxidation rate the curve on Figure 9 at temperatures above 6000 is
jagged with three clearly expressed peaks.

As was pointed out above, there is always a continuous sublayer of
dark oxide on the boundary with the metal throughout the entire range of
oxidation temperatures. Polished specimens oxidized at various tempera-
tures for a t.ime sufficient to establish the linear law of oxidation were
used for metallographic investigation of this sublayer. As a result of the
sublayer being thin its microscopic investigation was dor on oblique cross
sections of specimens and the angle between the surface of the specimen and
the plane of the cross section did not exceed 100. For convenience of
preparing the slides the specimens were poured with wedges in glass plas-
tics.

On the basis of these microphotographs of the oblique cross sections
a semi-quantitative evaluation of the average thickness of the sublayer
for the temperature range 400-7000 C was made. Analysis of preliminary data
showed that with an increase in oxidation temperature the thickness of the
dark sublayer of oxide is increased. In the temperature range 600-6120
there is a sharp increase in the thickness of the sublayer. At 6000C the
thickness of the subiayer is about 12 microns and at 6120C it reaches 23
.rcrons. Thus, in this temperature range there is a significant increase
in the thickness of the dark sublayer and a reduction in the oxidation
rate.

Figure 10 shows the relation of the oxidation rate of niobium to the
pressure of oxygen at temperatures of 400, 625, and 10000C. For each of
these temperatures kinetic curves of oxidation at oxygen pressures of 20,
150, 420, and 760 mm of mercury were drawn. As seen on the graph, as the
oxygen pressure increases at all of the investigated temperatures the
oxidation rate of niobium is increased. However, this is true only for
the stage of oxidation that is characterized by the linear law. When a
protective dark oxide film is formed on the specimens (4000C) whose growth
is subject to the parabolic law an increase in the oxygen pressure in
these limits has no effect on the oxidation rate of the metal (see Figure
10a). However, the time to the transition from the parabolic law to the
linear law is noticeably reduced.
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Figure 10. Relation of the Oxidation Rate of Niobium to Oxygen
Pressure: a--40 0C; b--6250C; c-1000C; l1-20 in

of mercury; 2-150 =u of mercury; 3-h420 mm of
mercury; 4-760 mm of mercury.

Discussion of R~esul~ts

We note first that iodide refining of technical niobium and subse-
quent remelting in an electron-beam furnace made it possible to obtain
metal of high purity. Up to now there had been no data on the kinetics
of oxidation of this type of niobium in literature. Also, they are of
definite interest since they can help solve the contradictions arising in
comparisons of results of the work of various researchers who .sed metal
of different purity.

Comparing the results of this work with data obtained by us earlier
it can be concluded that generally the linear rate of oxidation of a purer
niobium is considerably higher than of the initial technical metal with the
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exception of the temperatures 700 and 800°C at which approximately the same
oxidation rates were observed. Consequently, niobium can be classed as a
metal in which additions increase scale resistance in contrast, for ex-

? le, to zirconium in which additions lower its corrosion resistance
,9-7.

Published data on the kinetics of niobium oxidation contain contra-
dictions which are evidence to some extent of the complexity of this
process. In addition to them, a number of important moments that agree in
the research of various authors can be noted. Thus, in the oxidation of
niobium in the temperature range 350-4500C in our and in other research
[2, 3, 10, i- two periods of oxidation were observed: the first is
characterized by the parabolic law of oxidation and the second by the
linear law. The transition from the parabolic law of oxidation to the
linear law occurs simultaneously with the transformation of the dark film
into a white porous oxide.

Tho data obtained in our work also confirm the anomalous effect of.
a reduction in the oxidation rate with an increase in temperature above
6000C which was noted in works Z2, 3, 10]. According to our data, this
phenomenon is observed at temperatures of 600-6120C. That is, it is
observed in a smaller range than indicated in other works [2, 3_J. A
similar effect was noted by us earlier in an investigation of technical
niobium in the temperature range 800-900C. This effect showed up in
purer niobium at higher temperatures (900-950°C0. Also, this work
revealed a third temperature range of 1000-11001C where there is alao
observed a considerable reduction in the oxidation rate with an increase
in temperature. The kinetics of niobium oxidation in this temperature
range has been studied little. Therefore, it is still not clear to what
extent the additions in niobium affect this anomaly.

Thus, comparison of the more important facts of the kinetics of
niobium oxidction shows that the results published in the various works
are not contradictory to the extent that might have been thought earlier.
Actually, this work established all the anomalies noted earlier in the
temperature relation of linear oxidation rate of niobium. Depending upon
the purity of the metal the extent to which these anomalies appear varies
and the temperature intervals can be changed. However, the character of
the relation of the linear rate of oxidation to temperature is retained.

In works [11, 127 no anomalies in the temperature relation of the
oxidation rate of niobium were observed. It is true that sometimes this
was because the temperature ranges of isothermic oxidation which the author
selected were too broad and the kinetics of oxidation were not studied at
the extreme temperatures.

The data in this work on the effect of oxygen pressure on the oxi-
dation process agree well with the results of other works [5, 137.
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Now, describing the possible mechanism of niobium oxidation, we
first note that the retention of surface defects and special inert indi-
cators (gold and others) after oxidation of the metal indicates mainly
diffusion of oxygen through the oxide film through the metal. The possi-
bility of such a mechanism is attributed to the nature of the niobium
pentoxide which is an n-type semiconductor with insufficient anions [147.

The oxidation rate in the first stage characterized by the para-
bolic law is determined by the growth in the protective oxide film. The
most probable oxidation mechanism at this stage is diffusion of the oxygen
ions through the oxide film and subsequent dissolution of it in the metal.
At a certain oxygen concentration in the metal one of the phase oxides
(NbO, NbO 2, and Nb205 ) or a mixture of them is formed.

Depending upon temperature the composition and the protective
properties of the oxide fiLu (X-ring niobium oxidation can change consider-
ably. AfPer a certain (critical) thickness of the oxide film is reached
it begins to break down due to internal stresses caused by the great dif-
ference in the amounts of metal and oxide.

The process of. breakdown of the oxide film is characterized on the
kinetic curves by the transitional segment. The established oxidation
process, as noted above, is described by the linear law. This process
occurs when there is simultaneously a dark oxide sublayer firmly bonded to
the metal and a white porous oxide which exfoliates easily from the
specimen. In the oxidation process the amount of porous scale is tncreased
with the passage of time; but the thickness of the dark sublayer is ob-
tained approximately constant. This can be presented as follows. At the
point where the continuous oxide film breaks down the metal is exposed
directly to the oxygen. As a result of the interaction of oxygen with the
metal a new segment of new oxide film is formed which grows until it
reaches a certain critical thickness and then once again breaks down. This
process proceeds along the entire surface of the specimen and ts a result
a certain average rate of oxidation is established. Naturally, it is pos-
sible In this case to measure only the average thickness of the dark oxide
sublayer. Thus, in our opinion, the dark oxide sublayer observed on the
specimen in all cases of oxidation basically determines the linear oxida-
tion rate of niobium in the established process.

As the research showed, as the temperature increases the average
thickness of the dark oxide sublayer increases sharply in the temperature
range 600-6120C. The observed anomaly in the temperature relation of the.
linear rate of oxidation of niobium in this temperature range apparently
is caused by this phenomenon.

The question of anomalies in the temperature relation of the oxi-
dation rate is thus reduced to an explanation of the circumstances causing
the nonuniform growth in -the thickness of the oxide sublayer in the
temperature range. This can be that case when an increase in the mobility
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of oxygen in the oxide iayer and in the metal is ecessively compensated

by an increase in the thickness of the oxide sublayer which is a barrier

preventing the oxygen from reaching the metal.

Conclusions

The kinetics of oxidation of iodide niobium remelted in an electron

beam i oxygen at 350-12000 C was studied by the method of continuous

weighing. As a result it was established:

1. In the temperature range 350-4000 C the oxidation process in the

initial period it is described by a parabolic law and then there

is a transitional stage which is characterized by an increase

in the oxidation rate.

2. The established process of niobium oxidation in all of the

temperature ranges that were studied corresponds to the

linear law.

3. In the temperature relation of the constants of the rate of the

linear law of oxidation there are three temperature ranges

(600-6120 C, 900-950 0 C, and 1O00-l1O0C) in which the oxidation

rate is reduced with an increase in temperature.

4. The anomaly in the temperature relation of the constant of the

oxidation rate of niobium in the temperature range 600-612oC

is associated with the sharp increase in the thickness of the

dark oxide sublayer.

5. The oxidation rate of niobium according to the linear law

increases with an increase in oxygen pressure while the oxygen

pressure has no noticeable effect on the rate of the process

described by the parabolic law.
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REACTION OF AUSTENITE CHROMIUM-NICKEL STEEL
WITH LIQUID LITEIUM

N. M. Beskorovaynyy,
M. T. Zuyev,
V. S. Yeremeyev

Austenite chromium-nickel steel possesses higher heat resistance,
better technical properties -- deformability and weldability, higher plasti-
city and indicates good corrosion stability in sodium coolant up to 700-
800" C as compared with ferrite steel.

Attempts to use austenite chromium-nickel steels for lithium coolant
gave negative results: chromium-nickel stainless steel as well as chromium
stainless steel with 2% nickel are not resistant to corrosion in lithium
L1J.

These steels were tested at 8000 C for 230 hours in reaction vessels
made of technical iron, containing about 0.04% of carbon. Interaction of
lithium with chromium-nickel steels was intercrystalline in nature and the
depth of corrosion reached 2.78 mm/year. Mechanical properties were also
changing: specific elongation decreas~d from 45-50 to 4-6%; the yield
strength decreased from 69 to 61 kg/mm' (tests were conducted on flat
specimens 0.7 mm in thickness). It was established that content of nickel,

* chromium, silicon and tungsten in these alloys also decreased, i.e., in
liquid lithium leaching of these components of chromium-nickel steel occur-
red. The rate of corrosion calculated fjom the weight loss for different
steels comprised from 0.06 to 0.034 g/mm -hr. Due to transfer of carbon
from reaction vessels the content of carbon in the investigated steels in
all cases increased to 0.6-0.7%.

The rapid drop of plastic properties after holding in lithium was
also observed in steel with 17% Cr, 4 Mo and 1% Nb in the presence of
2.0-.5% Ni CiJ. The depth of corrosion was reaching 3.6 mm/year.
Chromium stainless steel! "iere found t bc, oro s+mb2 e in '_ thium 'if thie;
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were additionally alloyed with molybdenum, tungsten and niobiUM. Howevere
the results of other works do not show strong corrosion destruction of
austenite chromium-nickel steels in lithium.

At 800-1000 ° C pure chromium and particularly nickel dissolve in
lithium to a significant extent, which one would think is the cause for
rapid destruotion of 1Kh18X9T steel (Table 1).

Table I

Solubility of Iron, Chromium, Nickel and
Titanium in Lithium

Testing Content of elements in lithium, weight %
t4opoerature, Fe Cr NI Ti

700 - - 0,15 -
750 -- - 0.5
800 - 0.012 -
850 - - ,36 -
900 0,01 - - 0.014
950 - 0,8 3.2 -

1000 0,02 - I -

1200 0.35 3,96 -

However, upon testing 1Kh18N9T steel it was found that transfer of
chromium and nickel atoms into liquid lithium is drastically lowered
(Table 2).

Table 2

Solubility of Components of 1Khl8MT Steel in
Lithium at 975 C f-3,/

Testing Content of elements in
Li time, lithium. weight %

hours F. I C, I

110 0.0019 10"' 10-6
Di.stilled

240 0,001 0,0012 0,029 1

C 1,0% N, 110 0.0008 0.48 I 0,020

C 0.,% O1 110 0,0019 10- 0,031

C 1.12% '1 240 0.0012 0,0026 0109

- 98 -



It follows from Table 2 that in distilled lithium after testing
1KhI8N9T steel one finds 100 times less chromium and nickel than after
testing pure metals. Nitrogen impurity i, lithium increases leaching out
of chromium from 1Kh18N9T steel. Oxygen in lithium increases leaching out
of nickel.

Mechanical properties of 1KhI8N9T steel after testing in lithium
also changed very little. The reaction vessels and specimens were made of
tae same mti-al (Table 3).

Table 3

Mechanical Properties of 1Kh18N9T Steel After Testing
Rods 3 m in Diameter in Lithium L-3J

TIesting Time
temper- of

LU ture, test- b'l

-A hours _-

975 110 60 63 52

Distilled 975 240 60,5 58,2 e481

1150 81 59.1 59,6 51.9

C 1,1%O JS 975 240__ 62 52, i 46.9

C 0,41 % 0, 1150 81 62.6 56.8 49.0

C 1,7% N, 975 120 63,5 f52.6 43,3

C 0.45% Ng 1150~ 81 65,8 54.2 -M

The above data indicate that high strength and plasticity of
1 Khl 8N9T steel is preserved after tests in distilled lithium. Even lithium
contaminated with large quantities of nitrogen and oxygen had little effect
? the plastic properties of this type of steel, while in one of the works
LJ its plasticity dropped catastrophically.

In the distilled lithium the corrosion boundary layer is almost
completely absent and only after testing in lithium which contained sig-
nificant quantities of nitrogen and oxygen surface destruction and
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intercrystalline corrosion was observed. However, the degree of corrosion
destruction of the structure of 1 KhI8N9T steel during contamination of
lithium with oxgen and nitrogen is not so great as to change significantly
the plastic properties under the indicated test conditions.

During analysis of the data in Tble 3 one should remember that in
the work of Yu. F. Bychkova et al L 3J mechanical properties were deter-
mined on rods 3 mm in diameter and in the work of V. S. Lyashenko et al
/"iJ on bars 0.7 mm in thickness and 3 m wide. If one takes, for
example, that the thickness of the corrosion layer, the properties of which
are significantly poorer, is equal to approximately 0.1 mm, then for circu-
lar cross section specimens the area of corrosion layer comprises 13% of
the total cross sectional area while for bar specimens it comprises 30%.

The results of testing of bars made of 1Kh18N9T steel 1 xi thick and
3 mm wide in reaction vessels made of the same material, in pure lithium
are given in Table 4.

Table 4

Mechanical Properties of I Kh18N9T Steel After
Testing in Argon Atmosphere in Liquid

Helium (bars I x 3 x 14 mm)

Testing Time of No. of backa
tesperature, testing, rb, kg/m 2  s, % and forward bend

oc  hours (technical test)II I- --

Ar L Ar Li Ar

1000 100 59.7 58.0 57.6 54.3 28 29

1200 100 52.4 50.2 54.3 54.0 34 2

Note: Originally @b = 65.7 kg/m 2 ; 6= 48.4%.

The above results show that in the case of bars the strength of
1Kh18N9T steel after testing in lithium at high temperatures remain suf-
ficiently high and change very little as compared with tests in argon
medium. At the indicated temperatures the grain size increases signi-
ficantly, but the corrosion surface layer with changed struoture and also
intercrystalline corrosion are found. Only after testing in lithium at
12000 C the surface layer shows point inclusions and inoreas.4 microbard-
noes: miorohardness on the surface is equal to 244-285 kg/mm while in the
interior of the specinea it is equal to 119-185 kg/=-2 (Fig. 1).
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7Iigure 1. Microstructuire of IKIh18149T steel. "Ie-ot wera conducted i-n
lithium at 12000 C for 100 hours.-" g.-..in size is lare with
indications ofa phase and ta 3urfa-ce shows po-Int inclusions
(200 x).

At 800-10000 C the solubility of 0hromiun-nickel steel remains prac-
tically the same and only at 12000 C it significantly icreases (Table 5).

The welding seows on IKh18N9T steel also behave sufficiently well in
lithium (Table 6).

Table 5

Rate of Corrosion of (Cromium-Nickel Steel
in Lithium, Calculated from the

Weight Loss of Specimens

Temperature, 0C " te of. rm sion e

800 0 - s-, 03fI-
1000 004

1200 0-383

d sIas8N9T steel.

lithium Tabl1.6)



Table 6

Mechanical Properties of Welding Seams of IKhl8N9T Steel
After Testing in Argon Atmosphere and in Liquid Lithium

(specimens are bars and argon arc welding was used)

No. of backward

Temperature, Time of b kg/m 2  6, % and forward bends
Stesting, (technical test)Ahr Ar Li,, L

Initial state 59.9 27.2 23

1000 100 72.0 70.? 41.2 37.1 17 23

1200 100 49.7 ,0.2 59.0 53.4 X 23

Note: Destruction in all cases occurred not along the welding seam,
but along the transition zone.

The welding seam had flowing structure in many cases contaminated
with foreign inclusions which are located along the grain botdaries as
well as in the grains themselves. After annealing in argon at 10000 C the
flowing structure of the welding seam changed little. At 12000 C a sig.
nificant growth of grains occurred. The structure of welding seam and the
transition zone after testing in lithium would not show differaice in com-
parison with annealing in argon.

he unsatisfactory corrosion stability of chrpmium-nickel steels in
lithium found in the work of V. S. Lyashenko et al L1iJ is apparently
associated with the fact that tests were conducted in reaction vessels made
of technical iron, containing about 0.04% carbon, as a result of which
chromium-nickel steel was saturated with carjon to the extent of 0.6-0.7%
and resulted in the formation of carbides in the structure.

It was established in f4.7 that change of structure in technical
iron and carbon steel after testing in lithium is associated with diffusion
of lithium. Lithium destroys iron carbides as a result of which inter-
crystalline corrosion is developed. The higher the content of carbon in
the iron and in carbon steel is the higher the concentration of lithium in
surface layers is.

The same phenomenon is observed in chromium-nickel steel iCJ.
Thus in 4h14N14B2M steel (0.4% carbon) the mean content of lithium om.
prised ?710%- and in IKh18N9T steel (0.1% carbon) - 2-10-3%.
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7hus a transfer oy .arboi . .. s. into chr.:.
nickel steel may create f.,vorab. u" "f lithu.
Lithium destroys chromium carbideo ,u-,o:, i. uf interciy-tal! 2
corrosion (Fig. 2).

Figure 2. Development of inte!x,:z:x..-s +ros:on on the
surface of IKhl8N9T steel after ta, stini in lithitzm
at 10000 C for 100 homr" In iro'n ves,;el (200 x).

Investigations show that diffusion of l i, in 1KhiCN'" slteeI d
ing testing in reaction vessels made of t,!ziicaA. irvn proceeds 4uite
intensely: in 100 hours at 10000 C the concentration of lithium in the
surface layer reaches 0.16% and the depth of its penetration comprises
about 0.2 mm. In 500 hours the concentration of lithium increases to
C',72% and its penetration to 0.3 mm (Fir 3).

In addition during testing of -hroti .z..cke. -tcel Ln :reaction .
ia5s made of technical iron due to tl-e d:Lfin.er.ce in etals leachin 'g of
.hromium and nickel from steel is Incrlcaea. Thus, -,ft-r testing tec]iniz&
Iron in lithium in reaction vessels rrad., cf 1hiI8U9T steel at 10 0 0 0 0 one
observes transfer of chromium and nickel fr:) tainless steel into the
i.'on, which is indicated by the ir corease .f milrohardness of the _urface
layer in the course of 100 hours of te tin frim 109 to 800 kg/mm .

The weak corrosion effect of tlin. n t e z;tinacture aud strengti-
ch.haractjristics of 1Kh18NgT steel obtald ;..n ., woi'k of Yr. F. Rychkova
' t al L 3J at 975-11500 C and dtas tion fr21'IA 1 k4 ho.rs and almo tie
results of this work at 1000-1200 °P C an- rIt:o, oi' 100 hours Lndicate
the possibility of using chromium-nickal stseeL for work in lithium m.ia,
Apparently in the case of identical materials and in the aLs3nce of
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transfer of carbon the stability of austenitic chromium-nickel steel in
lithium must be significantly higher. The weak corrosion of 1Kh18N9T
steel in lithium, found in this work, may be explained as follows.

44- 448J0

0 soohours
o 432

our

0 o,, 42 Op
Depth, zm

Figure 3. Concentration curves of the distribution of
lithium in the surface layer of 1KhI8N9T steel
after testing in lithium at 10000 C in iron
vessels.

In the absence of transport of carbon the prolonged testing of
1KhI8NgT steel at 1000 and 12000 C in lithium aids transfer of carbides,
existing in the steel along the grain boundaries, and also of other im.
purities into solid solution. In this case the grain growth is made
easier, but apparently the diffusion of lithium along the "clean" grain
boundaries is hindered, and intercrystalline corrosion is not developed.
Certain leaching out of chromium and of nickel and also of lithium into
the surface layer may, to a certain extent, change its composition and aid
the formation of ferrite structure. However, the change of composition of
only a thin surface layer in the absence of Intercrystalline corrosion is
insufficient to change sig-dLficantly the strength characteristics of
1Kh18N9T steel.

Con cJlu i3ions

1. After testing IKh18N9T steel in lithium contained in vessels made
of the Same steel at 1000 and 12000 C no significant changes of mechanical
properties of steel are observed in comparison with identical treatment in
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argon medium. In acco rdance with these b:.ication, IKh18N9T steel -
sesses sufficient corrosion resistance x Iithitum at 1000 and 200 C fr
a period of 100 hours.

2. No significant corrosion effects of lithium on welding seams of
1Kh18N9T steel were found.

3. The rate of corrosion of iilhi18N9T steel is calculated from
weight losses of specimens (apparently associated with leaching out of
chromium and nickel) at 10000 C comprises 0.034 g/m'.hr and at 12000 C ..
0.388 g/m 2 'hr.

4. During testing of I'h18N9T steel in reaction vessels made of
technical iron lithium diffuses into the surface layer of steel to a sig>
nificant depth, which may aid the development of intercrystalline corrosn.
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CORROSION RESISTANCE OF IRON IN LITIIM

N. M. Beskorovaynyy
V. S. Yereeyev
M. T. Zuyev
V. K. Ivanov
Yu. Ya. Tamashpol'skiy

Study of corrosion resistance properties of iron in lithium presents
significant interest since iron is the principal component of stainless
chromium and chromium-nickel steels. These alloys may be used as strua-
tural materials when lithiu is used as a coolant.

Iron dissolves little in lithium. Thus, at 10000 C solubility does
not exceed 0.03-0.04%L L1J. When lithium is contaminated with Ow'gen and
nitrogen to th etent of 1-2% the solubility of iron in lithium increases
by about 15% L2J. The mechanical properties of iron change insignifi.-
cantly (Table 1).

Table 1

Effect of Oxygen and Nitrogen Content in Lithium
on Mechanical Properties of Technical Iron at

8000 C and When Duralion of Test Was
152 hrs L2J

Li b, kg/= , %

Distilled 30.3 27.2
1% 02 29.1 23.6

%N2  " " "27.2 23.1
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Lithium has significant diffusion mouility in industrial iron.
During tests in liquid lithium surface layers of industrial iron change
both the structure and properties L-3J.

In this workc corrosion ests were conducted on industrial iron and
on iron remelted in 10-I - 10' 2m Hg vacuum (Table 3). A significant
effect of carbon was found on diffusion of lithium L 3_-.

Table 2

Chemical Composition of Investigated Iron (in %)

Fe S .. . . 0,

Industrial 0.047 0.17 0,17 0.041 0.007 0.017
Vacuum fused. 0.009 0.08 0,09 0,046 0,008 0.007-0.010

Reaction vessels with specimens were filled with lithium in argon
atmosphere. To insure minimum contamination of lithium with gas impurities
(oxygen and nitrogen), argon was purified by scrubbing through fused lithium
files. Periodically tests were conducted in lithium contaminated with
ozygen and nitrogen (saturated in air).

During testing in lithium the surface layer of iron dissolves. Dis-
solution occurs predominantly along the grain boundaries and it increases
with increase of temperature and with duration of tests. The purity of
iron also has significant effect on its solubility. For example, the des-
truction of surface and grain boundaries of vacuum fused iron at 6000 C in
500 hours is less than destruction of industrial grade iron in 50 hours
(Fig. 1, 2). At 10000 C boundaries of y-iron are dissolved. In the
course of coling when y-phase new thin boundaries are formed without
traces of corrosion (Fig. 3).

The polished surfaces of specimens become rough due to dissolution.
This roughness is well fixed by profiling the surface (Fig. 4). The
properties of the surface layer of industrial iron are also changing: the
hardness and strength are lowered and plasticity increases (Table 3 and
Fig. 5). The parameter of crystal lattice is also lowered from 2.8620-
2.8630 to 2.8 -52.8607 kX, which cogresponds to lattice parameter of pure
iron /jJ. LNote: 1 kX = 1.00202 AJ. The impurities of carbon and
nitrogen change most significantly the lattice parameters of &-iron
(Table 4).
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Table 3

Mechanical Properties of Industrial Iron After
Testing for 100 hours in Argon and in

Liquid Lithium

Temperature ib, kg/mi2  
', %

of testing,
oc Ar Ll Ar U

1000 26,3 24.3 25,6 25,7
1200 28,2 23.1 18,0 26,0

Table 4

Effect of Impurities on Crystal Lattice Parameter of
s-iron (the lattice parameter of Dure iron is

2.8605-2.8607 kX) L74J

C Mn Si N2  02

.s~o9 . ... ! .- oo 2 - -

w 0

0,004 2,865 0,47 2.860 2.5 2.8591 0,004 2.8M0 0.031I 2,8599
0,011 2,8609 - 0,015 2.8610-
0.015 2,8612 - - 0.10 j2.8627~

-100

O

200Sor hours

Figure Ch~ange of microhardness of the surface of specimens of indus-
trial iron after testing it in lithium at 6000 c (1), 7000 C
(2) and 10000 C 3)
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These changes take place due to decrease of the impurity content
in the surface layer of industrial iron, since all impurities (C, Mn, Si,
P, 02, N2), with the exception of sulfur increase the strength and hard-
ness of iron. Sulfur is the only impurity which does not affect the
strenth characteristics of iron when its content is as high as 0.175%

During testing of vacuum fused iron in lithium despite the overall
decrease of impurity content, the decrease in hardness also occurs (Fig.
6), wich verifies the existence of refining process in vacuum fused iron.
However, after testing of vacuum fused iron in lithium the surface layer
vas enriched in sulfur fIJ. Sulfur diffuses from deeper lying layers.
In this case the concentration of sulfur at the surface increases while in
ceaper lying layers it decreases (Fig. 7). It follows from Fig. 6 that
microhardness does not reflect this process.

150 1
N2

b0 100 -
I

50- R 20 50r, hours

Figure 6. Change of microhardness of the surface of specimens
of vacuum fused iron after testing in lithium at
6000 C (1), 7000 C (2) and 10000 C (3).

Oxygen and nitrogen impurity in lithium does not affect the surface

properties of the surface layer of vacuum fused iron (Table 5).

Table 5

Effect of Contamination of Lithium with Oxygen and Nitrogen
on the Properties of the Surface Layer of the Vacuum

Fused Iron upon Testing for 50 Hours at 10000 C

Microhardness Lattice parameter
Li of surface on the surface kX

____ ___ ___ ____ ___ ___ (kg/mm")

"Pure" (reaction vessels
were filled n argon
atmosphere) . . . ... 99 2.8614

"Impure" (reaction vessels
were filled in air) . . 94 2.8615
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The first results on the stud of the diffusion of lithium in in-
dustrial iron and carbon steels L 3J have shown that the most significant
changes in structure and properties of the surface layer, which charac-
terize the corrosive effect of lithium, occur only there where lithium is
present in bulk.

In this work the diffusion of lithium was investigated with cylin-
drical specimens 12-15 mm in diameter and 35 mm high. Layers, 0.02-0.03 mm
thick, were removed from the side surfaces of these rods. Lithium, in the
obtained shavings was determined according to N. M. Beskorovaynyy and
others.

E 0

LO~. 11 -
C 

4

0 0,l 1 0, 0, 0,4 OS 41 0 0,7 0,2 0,
Depth, =m Depth, =

Fig. 7. Distribution of s35 in vacuum Fig. 8., Distribution of lithium
fused iron after testing in vacuum fused iron
lithium at 6000 C (I) and after testing for 100 hrs
10000 C (2). at 380 (1), 550 (2), 620

(3) and 6700 C (4).

The distribution curves of lithium in vacuum fused iron the particle
size of which was about 0.11-0.14 mm after testing at 380, 550, 620 and
6700 C for 100 hours are given in Figure 8. It is apparent from the figure
that lithium behaves uniquely. Its diffusion mobility in s-iron does not
increase, but decreases with increase of temperature.

These results show that diffusion of lithium in &-iron is sig-
nificantly offeoted by impurities such as carbon and others.

--iron may dissolve at the most 0.04% of C at 7230 C. At lower
teperature solubility of carbon decreases and tertiary cementite is
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liberated along the grain boundaries of ferrite (Hg. 9 b). Oxygen be-
k-aves analogouly. Solubility of o.ygen in w-iron vprises about 0.11%
at 715 0 C _6J. With lowering of temperature solubility of oxygen in
iron falls as a result of which grain boundaries may be enriched with
oxides. Sulfur impurity also distributes itself along the grain boun-
d:'Aes.

4a

woil

F'igure 9. Microstructure of industrial iron aftoar testing in lithium at
4000 C for 25 hours (270 x).
a - 0.2 mm depth where lithium is present-, corrosion along grain
boundaries; b - 0.3 mm, desp without l.1thiuiu; liberation of
camemtit" along the grain boundaries is indicated with arrows.

Consequently, at lower test temperatLures the grain boundaries of
iof are enriched with impurities which have a significant chemical simi-
larity to lithium. In addition. grain boundaries are more enriched with
defects -- vacancies, clusters of vacancies, micropores, etc. Thus favor.
adl~e conditions are established for diffusion of lithium along the
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intergrain layer, which consists of boundy Iayers oj giains winrlkeci
with impurities and defects. When lithium 'interacts w'th metals of inth r.
granular layer oorrosion products are formed znd grain boundaries are
thickened - Intercrystalline corrosion in iron on "purity" of boundaries
is verified by distribution curves of lithium in industrial iron. The in-
creased content of lithium in it as compared with vacuum fused iron uca-uses
much deeper penetration of lithium and much greater concentrations of the
latter in the surface layer (Fig. 11, compared with Fig. 8).

AN,

.-- = I

0

Depth, mm
Fig. 10. Microstructure of industrial

iron at a depth of 0.19 imm. Fig. 11. Distribution of lithium
where lithium is present. in industrial iron after
Tests were conducted at 7000 testing at 4000 C (1)
C for 200 hours. Inter- and 6000 C (2) for 100
crystalline corrosion can be hours.
observed along the grain
boundaries. (270 x)

The effect of grain boundaries on the diffusion of lithium is also
shown in Figures 12 and 13. The level of diffusion mobility in iron with
finer grain size is significantly higher than in large grain iron.

The dependence of the diffusion of lithium on the amount of impurity
along the grain boundary is also verified by tests at higher temperatures,
800-10000 C. At 8000 C and to a greater extent at 10000 C (when x-* y
transition occurs) the principal mass of impurities along the grain boun-
daries of iron transforms into solid solution and boundaries become
"cleaner." Apparently, a decrease of the number of structural defects
along grain boundaries occurs. As a result of this the diffusion mobility
of lithium is sharply lowered. The penetration depth of lithium in vacuum
fused iron at 8000 C and 10000 C decrease approximately by a factor of 2-3
as compared with penetration depth at 620 and 6700 C. Lithium distribution
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curves at 800 and 10000 C practically coincide (Fig. 14). In the indus-
trial iron at 8000 C due to large impurity content a large diffusion
mobility of lithium is still preserved, but it is already smaller than at
6000 C. At 10000 C the diffusion penetration of lithium is lowered so
much that it becomes equal in the depth to diffusion of lithium in vacuum
fused iron at 550-6700 C.

4';4

1 ,2 -

0r 07.

22
- -, . Xo,rl-k ,

41 0,2 141 $
Depth, mm Depth, mm

Fig. 12. Distribution of lithium in fine Fig. 13. Same as Fig. 12, but
and large grain vacuum fused after testing at
iron after testing at 6700 C 3800 C.
for 100 hours. I - grain size 0.11
I - grain size 0.11 mm; mm; 2 - grain size
2 - grain size 0.48 mm. 0.48 mam.

Contamination of lithium with oxygen and nitrogen has little effect
on the diffusion of lithium in industrial iron (Fig. 15). In vacuum fused
iron the overall content of impurities is much lower than in industrial
iron. Grain boundaries are also "pure." Despite this the surface layer,
about 0.02-0.05 mm in thickness in vacuum fused iron, has about the same
concentration of lithium as in industrial iron. In this layer the oorro.
sion in vacuum fused iron developed not only along the grain boundaries,
but also along the boundaries of the substructure - fractionation of
large grains into smaller ones occurs (Fig. 16).
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Fig. 14. Distribution of lithium in vacuum Fig. 15. Distribution of
fused and in industrial iron after lithium in indus.-
testing at 800 and 10000 C for 100 trial iron after
hours& testing in "pure'
I - vacuum fused iron, 8000 0; (1) and in "con-
2 - same iron, 10000 C; 3 - indus- taminated" (2)
trial iron, 8000 C; 4 -the same, lithium at 8000 C
10000 C. for 25 hours.

Fig. 16. Microstruoture of vacuum fused iron at a depth of 0.05 mm after
testing for 200 hours at 7000 C. One may see corrosion destruc-
tion along the grain boundaries and in grains as well as
fractionation of large grains into a large number of smaller
grains (270 x).
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Increase of concentration of lithium on the surface of vacuum fused
ron and development of intercrystalline and intragranular corrosion in the
-arface layer may be caused by redistribution of sulfur from deeper layers
to the surface (see Fig. 7) and by the formation of corrosion products
which are sufficiently strongly retained on the surface layer.

Thus, it may be considered to have been established that diffusion
of lithium in iron is determined by the content and distribution of carbon,
oxygen, sulfur and other impurities in iron which have significant chemical
nffinity to lith.um. The reaction of lithium with impurities causes inter-
:rstalline corrosion and corrosion along the boundaries of substructure.
1t is possible that the presence of the indicated impurities in structural
materials, including gases, has greater effect on the corrosion stability of
;t-uctura! materials in lithium than contamination of lithium with gases.
i must be thoroughly investigated, but at least it is quite clear that

.rovement of the production of technology of structural materials for
v-rk ui lithium media (vacuum fusion and others) must significantly increase

, --orrosion stability.

Since diffusion of lithium in iron proceeds by interaction with im-
puxrities, the diffusion coefficient calculated by normal methods gives only
Ln approximate figure for the mobility of lithium in iron (Table 6).

Table 6

Diffusion Mobility of Lithium in Iron

Temperature Order of magnitude
Iron of diffusion of diffusion oef-

testing, °C ficient, cmz/see

380 10-8

550 10-10
Vacuum fused 620 10-10

670 10-10
800 10-11
1000 10-11

400 10-8
Industrial 600 10-8

1000 10-9
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Conclusions

1. 'Daring testing of iron in lithum its surface becomes coarse and
dissolution proceeds predominantly along the grain boundaries. Due to the
refining effect of lithium the strength is lowered and plasticity of the
surface layer of iron is increased.

2. Diffusion of lithium in iron proceeds along the grain boundarie
and boundaries of substructure and is directly relaed to contamination cf
boundaries with impurities of carbon, sulfur, etc., to which lithium has s
significant chemical affinity. The interaction of lithium with the indi-
cated impurities causes intercrystalline corrosion.

3. In vacuum fused as well as industrial iron the diffusion mobil-.,.
of lithium as a function of temperature is evaluated by quantities which
given in Table 6.

4. To improve the stability of structural materials in lithium it
necessary to direct particular attention to the technology of their produ
tion -- use of vacuum fusion and other methods which aid in obtaining pure.'
metals and alloys with respect to gaseous and other impurities.
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CORROSION RESISTANCE OF TITANIUM IN LITHIUM

N. M. Beskorovaynyy
M. T. Zuyev

Titanium is an important structural material since it possesses
valuable physical and mechanical properties: strength and good plastic
propqrties (ob 55 - 65 kg/mm2 ; , 25 - 30%), low density (d2 = 4.5
g/cm-.) and high corrosion resistance. However, titanium has sufficiently
significant capture cross section of thermal neutrons (a -= 5.6 barn) and
in connection with this it did not find any special application in reactors.

The corrosion stability of titanium in lithium was investigated very
little. According to data of Yu. F. Bychkova et al L-1J, titanium is very
little soluble in lithium at 9000 C - 0.014%. Its stability at 800-900 is
limited L 23.

In this work tests were conducted on technical titanium with imuri-
ties of 0.12% C and 0.09% Fe, as well as Ti + Al alloy containing 2.2% Al,
1.3% Mn and 0.045% C. Prior to tests in lithium specimens were -leaned
from oxidds by polishing. Tests were conducted in reaction vessels made of
technical titanium.

After testing lithium a change in weight of samples was observed
(Table 1).

Technical titanium after testing in lithium givei changes in mass
which at 800-1000o C increase with time of testing and at 12000 C they
decrease in prolonged tests, since after a certain time dissolution of
titanium in lithium becomes significant.
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Chnge in Weight of FTecir4-r of 7v%':-..,-,; + I..
After Testing in Llthauz at £00, 101: n: 1200" C

Time of Mange i weight gf
material testing, SpOeC'es, Mg __

hours ?49 ':Ak "

Technical titanium 50 0,25 0.10 o,94
100 ,0,46 1% 56 0,47

Ti + Al alloy 50 -. 9 -2.46 -4.12
too --0.23 --2,44 __-4.31

).. ng air heating titanium is coated with a sufficiently strong
7 4-tn-de film which prevents it from further oxddation at 400-5000 C.
.- raase of temperature the chemical activity of titanium increases

tc. high solubility of oygen and nitixgsn in titanim tsie disxOlu-
ids-nitride lk is possible and increase of Brinells hardness

";'- kg/'I' L 3J- After testing in lithium specimens of titanium
l ~. films and the hardness of the surface increases significantly

S "Y All this shows the ability of titanlum to absorb gases from
, 300-1200 0 C.

• ~.... . ....... -

1
,# 00.

,:-4-

'U

'.io300

m _ I

Fig. 1. M!icrostruct e e of technical Initial/ $ 00 102W
titanium after testing in lithium state
for 100 hours at 8000 C. 7he sur- Temperature, 0 C
face displays a film but no other Fig. 2. Change of surface micro-
changes in structure are observed hardness as a function of
(200 x). temperature after testing in

lithium for 100 hours.
1 - technical titanium; 2 -
Ti + A! alloy.
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Ti + Al alloy displays at all ttper ',:re dis oKUtion processt f
the surface layer in lithium which progresses -with ircrase of temperat..e
(Fig. 3). The hardness of the surface increases (see Fig. 2).

S1

Fig. 3. Microstructure of Ti + Al alloy after testing in
lithium at 10000 C for 100 hours. Traces of sur-
face solubility in lithium are apparent. The
structure is large needle and large grain type
(200 X).

The dissolution process of Ti + Al alloy in lithium is aided by the
fact that at 800-12000 C one of the components of the alloy -- aluminum --
forms an unlimited region of liquid solutions with lithium L74,. However,
during static tests an equilibrium condition is rapidly achieved and in-
crease of the duration of testing of Ti + Al alloy in lithium does not
eause increase in solubility.

The mechanical properties of the investigated alloys aLter testing
in lithim are given in Tables 2 and 3.

Table 2

Mechanical Properties of Titanium After Testing for 100 Hours
in Argon Atmosphere and in Liquid Lithium (the specimens

were bars 1 x 3 x 14 mm)

Testing ____kg_6,

ocAr LiAr

80 61.1 64,5 23.4 23.1
l000 56,0 57.0 I 20.7 13.4
1200 60.7 63.9 16.3 4.3

Notes In the initial state a = 61.5 kg/mm2 and 8
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Table 3

Mechanical Properties of Ti + Al AlLoy After Testing for 100
Hours in Argon Atmosphere and in Liquid Lithium (the

specimens were bars 1 x 3 x 14 mm)

Testing I 'b, kg/mm2  %
temperature]

OCAr Li Ar LU

800 .664 63.7 20.2 21,7
2000 653 44,2 13.7 8,8
1200 63:4 48.5 8.1 i 10.0

Note: In the initial state b = 70.6 kg/mm 2 and
8 17.5%.

The strength characteristics of titanium and of Ti + Al alloy after
. in lithium for 100 hours at 8000 C practically do not change. There

- no significant changes found in the micro structure with the exception
;2, -thin surface film of increased hardness.

At 1000 and 12000 C titanium and Ti + Al alloy go over into the
region and after 100 hours of testing in argon drastic enlargement of

* T.ue occurs: rains of enlarged to 3-5 mm in cross section and they
have large needles (see Fig. 3). In connection with the formation of large
grained structure plastic properties are decreasing (see tests in argon)
particularly in Ti + Al alloy.

After testing in lithium at 12000 C the plastic properties of
titanium are lowered to a still lower extent since in addition to large
grain structure the lowering of plasticity is effected by gases which are
absorbed by titanium from lithium. The strength in comparison with tests
conducted in argon did not change.

The Ti + Al alloy, due to preferential dissolution of aluminum in
metal after testing at 1000 and 12000 C softens and at the same time loses
its plasticity. The welding seam of Ti + Al alloy behaves similarly in
lithium (Table 4).

In the initial state the welding seam had large grain microstructure.
After firing in argon and after testing in lithium at 8000 C recrystalliza-
tion occurred causing formation of smaller grains. At 1000 and 1200 C
again large grain structure was formed.
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Table 4

Mechanical Properties of Welding Seam of Ti + Al Alloy After
Testing for 100 Hours in Argon Atmosphere and in

Liquid Lithium (bars 1 x 3 x 14 mm)

Testing Cr, g/=2 %4
temperature,

oC At U L Ar LI

800 68.0 65.5 12,7 I !2,5
1000 64.7 49,5 7.5 5,9
1200 54.9 56,6 5,4 8,8

Note 1: In the initial state lo = 73.8 kg/mm2 ,
6 = 10.4%.

Note 2: Destraction occurred not along the weld-
ing seam, but along the transition zone or along the
principal metal.

Conclusions

1. Technical titanium and Ti + Al alloy have satisfactory stability
in lithium at 8000 C in the course of 100 hours.

2. During testing of titanium in lithium the former absorbs dis-
solved gases causing formation of surface films of increasad hardness and
lowering of plasticity after testing at 1000 and 12000 C. At 12000 C sig-
nificant dissolution of titanium occurs.

3. In the Ti + Al alloy in connection with the presence of aluminum
dissolution processes are developed in the 800-12000 C range. The change
of composition causes drastic lowering o: the strength and of plasticity
after testing at 1000 and 12000 C.

4. The welding seam of Ti + Al alloy behaves in lithium analogously
to the alloy itself.
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CHANGES OF PROPERTIES DURING CYCLIC THERMAL TREADIENT,
DURABILITY AND INTERNAL FRICTION OF SAP

A. I. Dashkovskiy
A. N. Rozanov
Yu. F. Bychkov -
I. D. Laptev

Multiple heating and cooling causes residual changes of dimensions of
metals and alloys under conditions that parameters of cycle have correspond-
ing values.

The changes of shape of metal during cyclic thermal treatment depend
on crystal lattice of metal, composition and phase diagram of alloy as well
as the shape of tested specimens.

According to the data of A. A. Bochvar et al L711, to obtain a sig-
nificant residual change of dimensions it is insufficient to have a definite
temperature drop, but it is also necessary for the higher temperature of
cycle to be above certain value. This upper temperature must be higher
than the temperature for intense development of diffusion phenomena.

It is known L1_, that aluminum changes significantly its linear
dimensions upon repeated heating and cooling. In deformed aluminum the
direction and the magnitude of residual deformation under the influence of
thermal cycles is practically independent of the degree of deformation and
tbe lirection of cutting of specimen with respect to direction of rolling
L lJ9 where the length and width of specimen are increasing and thickness
is decreasing.

SAP jSpechennaya Alyuminevaya Pudra; Sintered Aluminum Powder above30 ° c surpasses in strength characteristics all deformable aluminum alloys.
Consequently it is worthwhile to utilize it as structural material for ele-
vated temperature work. In connection with this the behavior of SAP under
cyclie tmerature changes is of interest.
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In this work the behavior of SAP-i, SAP-2 and technical aluminum
AD-I was investigated during cyclic changes of temperature.

Procedure and Materials

For cyclic thermal treatment flat specimens were used in the form of
100 x 100 mm plates 0.5 - 1 mm in thickness and specimens in the form of
,ods 10 - 11 mm in diameter and approkiately 90 mm in length. The plates

.were cut out of rolled sheets and rods were machined from drawn large dia-
mater rods.

The average speed of changes of temperature for plate specimens com.
-.=Zd about 100' C per minute during heating and about 10000 C per second

ciuring cooling in water, and for rod specimens 600 C per minute and 6000 C
par second respectively. Specimens were held at maximum temperature from
10 to 4o min.

The chemical composition of investigated materials SAP-I and SAP-2
c .respond to standard specifications (Table 1).

Table 1

Chemical Composition of Materials, %

~Materiall AlOT Fe~ 0:Oils'Moisture
I I  I

SP 6-11 >0.25 >02 >0

In addition to SAP prepared by ordinary means a sheet of SAP pro-
duced by rolling briquet, which was annealed in a vacuum for 2 hours at
7000 C, was also investigated.

Results of Investization

Dimensional Stability. Plates were subjected to cyclic thermal
treatment with maximum temperature of cycle being 500, 550 and 6000 C. The
minimum temperature in all oases comprised 200 C. During cyclic treatment
the aluminum specimens obtained the form of Maltese cross. Table 2 gives
the average measurements of the length of specimens. Changes of dimensios
near the center of plates were much mailer than near the edges.
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Table 2

Changes of Dimension of Plate Specimens During
Thermal Cyclic Treatment

Temperature Of Number Mean changes
Mater.4al cycle, 0c of of dimensions,(annealing for cycles %

o10 mi.)

SAP-i 500-20 240 0
550-20 120 -0.2

" 600-20 110 -0.5
SAP-i from vacuum 600-20 110 -0.7

fired briquet
Aluminum 500-20 110 + 7.0

240 +14.o550-20 120 + 8.0
" 600-20 110 +11.0

It can be seen from the table that dimensions of aluminum specimens
increase significantly in about the same magnitude along the edges, but
SAP-i displays a slight decrease in dimensions. The mean measurements of
dimensions of rod specimens during cycling are given in Table 3.

Changes of dimension of cylindrical specimens, as it can be seen
from Table 3, occur in the same direction as for plates.

Table 3

Changes of Length of Cylindrical Specimens During
Thermal Cyclic Treatment

Number Change of length, %
Conditions of cycle of

cycles Al SAP-I SAP-2

500-200 C, annealing for 10 min. 90 +0.5 0 0
210 +1.1 0 0

550-200c, " 120 +1.0 0 0
6oo-2oO C, U 1 100 +0.7 -0.3 -0.
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Occur.rene ol Blisers and gaks. As the maimi. temperature is
increased above 500o C during cyclic treatment of plates of SAP, the sur-
f-ac of material begins to show blisters. Their number and dimensions
increase rapidly with increase of temperature and blisters tear away from
the metal.

:06

atb.

F'ig. 1. External vi~ew of theo sme section of surfac ee of SALP-1
plateg subjected to 'them al cyclic. treatmnt in 600-200°
ra nge w'ith 1.0 mn., arnnealitng.
a - after 20 cycel b - after 30 cycles; c - after 3_10
cycles; d - rolled frm, vacuum fi~red briquet (7000 C9 2
hours) of SAP-1 after U"1 cycles.

Figure 1 shows the same section of specimen surfacte of SAP-1, sub-
i jected to cyclic treatment in 6500-W0° C range with annealing at the maximum

teomperature for 10 min., after 20, 350 and 1.1. cycles. The same figure shows
a specimen of SAP-1 which was8 preliminarily anneled in a vacuum at 70 ° C
for 2 hours. After 110 cyces in 600-20o C range this specimen had smooth
surface without any evidence of hlistat formation. It follows that vacuu
treatment of SAP enables one to inreas'e 8 significasntly its stability to
thermal cyclic treet.
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After 310 cycles in 600-200 C range the largest blisters layered
forming am sort of scale. Specimens showed cracks which passed through
places of formation of blisters. The formation and growth of blisters
occurs during firing in the furnace. After cooling new heating to the
same teqersture does not result in further growth of already existing
blisters, but only leads to formation of new ones. The conditions of
cycle, as will be shown later, affect significantly the formation of blis-
ters.

Figures 2 a, b and c show photographs of specimens subjected to 30
cycles at 50-20O C. It is apparent that increase of annealing time at
maxim= tmpewature of cycle leads to sharp increase of the number and di-
mensions of blisters. Figure 2 d shows a specimen held isothermally at
5500 for 7.5 hours. The specimen in Figure 2 e, passed 18 cycles in 600-
200 C range with 15 mn. annealing. Here observation was made of a definIt-.
section of surface of specimen after each cycle. These observations have
shown that growth of blister occurs only during continuous holding in the
furnace. After cooling the blisters which have been formed do not display
any external changes in the course of subsequent heating. Only new blisters
occur. All large blisters under the indicated conditions of treatment were
formed during the first four cycles. Blisters are oriented along the direc-
tion of rolling, which is extremely noticeable in the case of small blisters
(see Fg. 2).

" "U

d e.

Fig. 2. Surface of SAP-1 plate after different treatments.
a . after 30 cycles at 5 0-200 C, annealing for 20 min, air cooled;
b - after 30 cycles at 50-200 C, annealing for 20 min, water
cooled; a - after 30 cycles at 550-200 C, annealing for 40 min,
wter cooled; d - annealing at 5500 C for 7.5 hours; e - after 18
cycles at 600-200 C, annealing for 15 min, water cooled.
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The internal surface of blisters after multiple cycling or prolonged
annealing at maxdzum temperature is black, but initially after formation of
blister, for esmple 5 min. after annealing at 6000 C, it is absolutely
light, not differing from the appearance of fresh break in SAP.

The rod specimens of SAP do not have a significant nmiber of blis-
ters upon cycling, but the occurrence of cracks is more rapid than in the
case of plates. During cyclic treatment at 6 0 0 - 2 0 0 C significant cracks
occurred on the surface of rods after 30 cycles. Cracks are directed along
the axes of specimens and their number increases with increase of the num-
ber of cycles (Fig. 3 a). During cling from 5500 C cracks did not appear
even after 120 cycles (see Fig. 3 b).

ab

Fg. 3. External appearance of rods Al (I)t SAP-2 (3I) and SAP-l (III)
after cyclic treatment.
a - after 100 cycles at 600-200 C, annealing for 10 mnn, (1.0 x);
b - after 120 cycles at 550-200 C, annealing for 10 min, (0.85 x).

Mo a 1O AI. Table 4 shows mean results of three-four
speimens of ibi prerties of sheet SAP-l at room teaperature after
different conditions of thermal treataent.

As it is apparent frm Table 4, thermal cycling leads to lowering of
strength and plastcIity of SAP. With increase of annealing time at maaa
tfperature of cle o and 8 decrease (see specimens lo. 4 and 5 In Table
4). At low rates of oooling mechanical properties of material are better
than after the sae number of cycles yet with faster rate of cooling (see
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specimens No. 4 and 6 in Table 4). After annealing at 5500 C without
cycling the properties of SAP become worse and even poorer than after
cycling: after 20 hours at 5500 C specimens which passed 120 cycles with
10 min. annealing properties changed less than after 15.5 hours of anneal-
ing at the same temperature (see specimens No. 3, 7, 8 in Table 4). As a
result of thermal cycling from 600' C the strength limit of vacuum annealed'
SAP at 7000 C was somewhat lowered and relative elongation increased sig-
nificantly (see specimens No. 9, 10 in Table 4).

Table 4

Mechanical Properties of SAP-1 Sheet at Room Temperature
After Various Thermal Cyclic Treatments

Yield Relative

Specimen strength elongation I
numbe r Treaen stegth2 %

1 Initial state . . ........ 39.7 3.5
2 240 cycles at 500-200 C with 10 min.

annealing, water cooled . . . . . . . 32.9 2.7
3 120 cycles at 550-200 C with 10 min.

annealing, water cooled . . . . . . . 34.1 3.4
4 30 cycles at 550-200 C with 20 min.

annealing, water cooled . . . . . . . 30.1 1.7
5 3o cycles at 550-20 C with40min.

annealing, water cooled . . . . . . . 26.8 1.2
6 3o cycles at 55-2 0 C with20min.

annealing, air cooled . .. . . . . . 33.0 2.3
7 Annealing at 5500 C, 7.5 hours . . . . 30.8 2.1
8 Annealing at 5500 C, 15.5 hours . . . . 29.7 •2.1
9 Sheet made from briquet, fired in

vacuum at 700 C for 2 hours . . . . 33.2 5.2
10 Same + 110 cycles at 600-200 C, with

10 min, annealing, water cooled . . . 29.3 9.4

Microstructure. The structure of hot rolled strip is characterized
by clearly expressed line distribution of oxide phase particles. Thermal
cycling of SAP-I plates in 600-200 C range with 10 min. annealing at maxi-
mum temperature leads to formation of a large number of approximately equal
in size fine pores which are uniformly distributed (Fig. 4). The formation
of cracks occurs by conglomeration of a group of smaller pores into a
larger pore. As a result of gas pressures inside the pore great local
stresses occur in the surrounding material and cracks are developed which
pass through the neighboring small pores. Formation of cracks near the
surface of the specimen leads to formation of blister. Fig. 5 shows a
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section of crack near the sur~aoe of specimen in the initial moments of
formation of blister. At 550 C pores which are formed are smaller and
cracks are aborter and consequently the number of blisters and their di-
mensions on the surface decrease.

Fig. 5.Microstruoture of SAPM after flO cycles at 600-200 C
and 10 min. annealing at maxlim= temperature. (60e)

area of caok formation and formation of blister (600 x).
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The microstruoture of SAP-I ross after 120 cycles ill 550 - 200 C
interval with 10 min. annealing is shown in Fig. 6. Sheet aluminum te3ted
under the same conditions after 110 cycles in 600-200 C interval (annealed
at 6000 C for 10 rain.) had larger number of thin cracks and aluminum rods
had many large round pores located along the grain boundaries.

Fig. 6. Microstructure of SAP-I rod after 120 cycles at
550-200 C with 10 min. annealing (450 x).

Discussion

The experiments on dimensional stability have shown (see Tables 2 and
3) that significant changes in dimension of SAP plates occur when the maxi-
mum temperature of cycle is 5500 C or higher and for rods -- 6000 C, i.e.
higher than the temperature of normal use of these materials.

To obtain a signilicant residual ciange of dimnnsions it is neces-
sary L-i. for upper temperature of cycle to be not lower than the
temperature at which recrystallization occurs or the temperature of suf-
ficiently strong development of diffusion phenomena.

During study of recrystallization of SAP it was found L-2] that in
cold deformed SAP (less alloyed A12 03 ) the processes of growth of recrystal-
lization centers are eparated by a .gnificant temperature interval. The
formation of nuclei begins at the same temperature as in pure alimuinum, i.e.
about 175-2000 C, and their growth only at 350-3750 C, i.e. when self dif-
fusion of aluminum becomes sufficiently intense. The formation of
recrystallization nuclei has smaller effect on weakening of material than
their growth.

Considering short duration of cycles and greater content of A12 03
in these speoims then in the work of S. S. Gorelka et al L-7 it is
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possible to consider significant changes of SAP dimensions during cyclic
thermal treatments, starting at 5500 C, are in good agreement on recrystal-
lization data of this material.

Changes of mechanical properties of SAP during cycling are apparently
the result of large pores and cracks, accompanied by formation of surface
blisters. These processes are on one hand dependent on duration of high
temperature treatment (formation of pores and uniting of pores to form
larger pores, formation of cracks) and on the other hand on the rate of
cooling (formation of thermal stresses). Therefore, the increase of time of
annealing at the maximum temperature of cycle and increase of the rate of
cooling leads to more significant lowering of mechanical properties of SAP.

It is very significant that SAP-I plate rolled from vacuum annealed
briquet at 7000 C for 2 hours, after 110 cycles in 600-200 C range had no
cracks, blisters or large pores.

Durability of SAP-l

Durability tests were conducted on SAP-l specimens 3 mi in diameter
and working length of 20 mm at 375, 450 and 5500 C under the influence of
various stresses. Figures 7 and 8 show graphs of time prior to destruction
of specimen as a function of applied stress for 375 and 4500 C. Since each
point represents a test of individual specimen a significant scattering of
experimental data is observed. Thus graphs are bounded by two lines, where
the included area contains all points.

i - _ i i"

4 4 1 20 Q40 A7UJX 200 WAVOD5W

Time prior to destruction, hrs.

Fig. 7. Durability of SAP-I at 3750 C.

It is possible to assume that the lower boundary of the region may
be taken as the criterion of strength of SAP at indicated temperatures. It
follows that SAP is quite thermally stable, surpassing thermal stability
characteristics of the most stable aluminum alloys. Thus, for exmple, the
durability (100 hours) stren th of sheet material D-20 at 350O C is
4 kg/mm, A-4 lloy -- 3 kg/mm2 VD-17 alloy at 3200 C - 3.5 kg/= 2 f73J.
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Time prior to destruction, hrs.

Fig. 8. Durability of SAP-1 at 450 0 C.

It is apparent from Figures 7 and 8 that material from sintered
aluminum powder SAP-i has 100 hour durabilitj at 3750 C in 5.5-7.5 kg/mm2

limits and at 4500 C -- from 4.0 to 65 kg/MM'.

At 3750 C destruction of specimens occurred without residual elongA-l
tion and at 4500 C a residual elongation was observed of the order of 0.5%.
The specimens tested at 5500 C broke primarily at the point of transition
from the working part to the head. It is interesting that specimens with
special notches were not broken in the place of the notch. This shows that
at 5300 C structural changes cause the predominant effect on destruction of
specimens. These structural changes occurred in SAP in this temperature
interval even in the absence of load -- formation of porosity and cracks.

The durability (100 hours) of SAP at 5000 C is equal to 5 kg/mm2

L-4J. The faot that some samples displayed high values of durability in-
dicates the possibility of increasing the durability of SAP to values which
are close to the upper boundary of the region by improving the production
technology.

Internal Friction of SAP-i

Investigations were conducted on the relaxation behavior of SAP-I in
order to clarify the effect of finely dispersed second phase (aluminum
oxidp) in the metallic matrix. Specimens of two compositions were investi-
gated with aluminum oxide content of 3-4 and 7-11%. Specimens were in the
shape of wire 3 mm in diameter and 320 mm long. Investigations were con-
ducted on the vacuum set-up of the twisting pendulum type L 5_. The
temperature dependence of the internal friction and of shear modulus were
determined. The internal friction Q-1 = 8/9, where 9 is a logarithmic
decrement of damping of free twisting oscillations of specimens and shear
modulus G is determined in the frequency function of oscillations.

The investigated alloys having a matrix of technically pure aluminum
containing finely dispersed second phase of aluminum oxide. Aluminum oxide
is present in these materials in the form of fine scales since in the
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T process of production of semifinished
, ,products from SAP destruction of

S4~ 0 oxide film occurs. Breaking up of
V opowder particles and distribution of

0 Cbaluminum oxi~de in %he form of finely
... /dispersed inclusions throughout the

_ whole volume. The specimen contain-
ing a large amount of aluminum oxide

" is characterized by finer grain size
0 and more uniform structure than the

1 specimen with smaller content of
C 0 A120 3 .

4-40
too The internal friction was in-

veatigated in the temperature interval
COO from 20 to 6300 C.

A ~Figure 9 shows the temperature
2X dependence of internal friction of

[SAP-i specimens containing 3.4% A1203
0 100 2X 300 40 500 M (curve 1) and containing 7-11% Al203

Temperature., °C (curve 2). For comparison temperatfue
dependence on the internal friction of

Fig. 9. Internal friction and polycrystalline aluminum is given
shear modulus of SAP as a (curve 3) from the data of V. S.
function of temperature. Postnikov E6J.1- 3-.4% A1293; 2 - 7-11 %
A120 ; 3-Al (from the data For fine grain specimens of
of [J)P-, not recrystallized after drav.

in& wire the internal friction curve
displayed a peak lying at 3350 C for

pecimens containing 3-4% Al2 O, 5600 C for specimens containing 74%
A12 03 at frequencies 1.86 and 1.68 cycles per second respectively. As a
result of vacuum annealing above 5000 C the maximum on the curve lowered
somewhat and for large grained recrystallized specimens, annealed for 5
minutes at 6500 C it almost completely disappeared.

In work L?7 the internal friction of SAP made MD-2100 was investi.
gated. Here an internal friction peak was found lying in the 2,4-3210 C
interval during changes of frequency from 0.9 to 1.8 cycles per second. In
our case for specimens containing 3-4% A120 3 the internal friction peak at
1.86 cycles per second was observed at 3500 C. In the specimen of the same
composition after annealing at 5000 C (for 20 minutes) the intenal frico-
tion peak lowered somewhat shifted in the direction of higher taperatum
and was observed at 30 C.

In one of the works f87 data are given on the modulus of elasticitr
of SAP and it is indicated that its damping ability is very greats the
logarithmic decrement is approximately 20 times larger than for pure alui.
nume
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As it is apparent from Figure 9 the internal friction at room
temperature in SAP is higher than aluminum. However, at 6000 C the inter-
nal friction of SAP is much lower than in aluminum at 4000 C. According
to the work of V. S. Postnikov L J the level of internal friction at
elevated temperatures is associated with heat resistance of the material:
the more heat resistant is the material the lower is the internal friction.
This is verified by the example of aluminum and SAP.

In the work L-ai the following values of moduli are given: normal
modulus of elasticity of aluminum 6700-000 kg/mm2 , normal modulus of elas-
ticity of SAP on the average 7500 k,/m , shear moduli for SAP and for
aluminum within 2500-3000 kg/mm2 limits.

We determined the values of moduli at room temperature for SAP of
two compositions: with 3-4 and 7-11% A12 0-1. The shear modulus was deter-
mined on the same set-up as the internal friction. The normal modulus of
elasticity was determined by the resonance method during bending oscilla-
tions of specimens. The following values were obtained: for SAP with
3-4 Al 03 shear modulus is 2400 k zm 2 and the normal modulus of elasticity
6500 kgjmm2 , and for SAP with 7-11; A1203 the shear modulus is 2600 kg/mm2

and the normal modulus of elasticity 7350 kg/mm2 .

The nature of peaks of the internal friction in SAP differs from the
grain boundary peak in polycrystalline aluminum. Although the height of
maximum is associated with grain size, the large widths of maxima and the
dependence of their heights on the amount of second phase indicates that
relaxation in the SAP is a completely dependent process from grain boundary
relaxation in the single phase aluminum alloys.

The occurrence of internal friction peak is accompanied by the
relaxation of shear modulus, which is more significant specimens with
lower content of aluminum oxide. After high temperature annealing, leading
to lowering of the internal friction peak, the relaxation of shear modulus
is also decreased.

Investigations were conducted on the internal friction in SAP made
MD-2100 L7_7 and the energy of activation of relaxation for this alloy was
determined, which was found to be approximately equal to 6 k cal/mole, i.e.
its magnitude is significantly less than the activation energy for spon-
taneous diffusion in single phase aluminum alloys, which is approximately
36 k cal/mole. The authors of f7J believe that the internal friction
peak in SAP occurs as a result of time dependent initiation of dislocations
from grain boundaries in the specimen.

It is possible to assure that the increase of content of A12 03 in
SAP leads to increase of the energy of activation for the formation of dis-
location centers along the grain boundaries. In connection with this the
internal friction peak in specimens with high A1203 content is observed at
higher temperatures and the shape of peak changes so that its height in-
creases and width decreases.
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The powder which is used for production of SAP with lower Al2 03
content had smaller elementary particle size than powder for production of
SAP with higher A120 3 content.

In the process of production of powder lumping occurs -- formation
of larger particles due to sticking together of elementary particles of
aluminum. The lesser is the A120 3 content in the powder the larger is the
nonunifority in size of clumped particles. Since grains in the specimen
are crushed during pressing and drawing clumped powder particles, the
structure of ready specimen will depend to a significant extent on its
production technology. With all other things being equal specimens with
lower A1 2 03 content have greater nonuniformity of structure in grain size
as well as in dimensions of dispersed particles of aluminum oxide.

Thus, different peak heights on internal friction curves may be
associated with different grain size in the specimens, and the large width
of these peaks -- with the presence of not just one relaxation time, but
the whole qectrum of closely spaced relaxation times.

Conclusions

1. TsTO LYsiklicheskaya Termicheskaya Obrabotka; cyclic thermal
processin7 causes significant changes in SAP with maximum temperature of'
cycle being 5300 C and higher. Here a decrease of longitudinal, and inas
of lateral dimensions takes place.

2. As a result of TsTO at 5000 C and above the material beoomes
more brittle and brittleness increases with increase of the number of
cycles. The mechanical properties are degenerating. The yield strength
and plasticity are decreasing.

3. In the temperature range up to 5000 C SAP along with highly
favorable mechanical properties is also dimensionally stable during TsTO.

4. The SAP plate rolled from a briquet, annealed in a vacuum at
7000 C for 2 hours, possesses higher plasticity and somewhat lower strength
as compared with normal SAP and does not have any cracks or blisters upon
TsTO with heating up to 6000 C.

5. SAP-I of standard composition possesses greater thermal stabiljty
than other aluminum alloys. Its dg-ability (100 hours) comprises 5.5-7.5
kg/= at 3750 C and 4.o-6.5 kg/mmz at 430v C.

6. SAP-l in fine grained unrecrystallizd state has an internal
friction peak, the height and position of which on the twperature oQUr
depends on the grain size and the content of the second finely dispersed
phase in the alwinum - A120 3 .
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THE MECHANICAL PROPERTIES OF BERYLLIUM
AFTER Z(INE RECRYSTALLIZATION

I. V. Milov
D. M. Skorov
V. V. Nikishanov

The extensive use of beryllium as a structural material is restricted
by its brittleness at room temperature. At present, several courses in
studying the possibilities of obtaining plastic beryllium have become
apparent. There are: mechanical and heat treatment of beryllium ingots
to bring about a definite alignment of crystallites in the beryllium, the
alloying of beryllium in order to fix a high-temperature 6 phase with
a cubic lattice, the obtention of a fine-grained structure (up to 25 1u)
by means of power metallurgy, and finally, the purification of beryllium.
In order to purify beryllium from admixtures, operations dealing with the
distillation of beryllium and the thermal decomposition of its halogenides
are carried out; an alternative means of purification is by means of zone
recrystallization. In the published works on the zone recrystallization
of beryllium it is shown that the successful purification of beryllium from
admixtures favorably affects its mechanical properties Fl, 21.

The present article describes results of compression tests on speci-
mens cut out from beryllium ingots that had been subjected to zone recrystal-
lization. Zone recrystallization was carried out by the electric arc method
in a copper, water-cooled crucible in an atmosphere of purified argon. After
zone recrystallization, the beryllium ingots constituted horseshnA-hnPA
ingots with a diameter of 80 mm and a length of 140 - 150 mm._

From the ingots, specimens were prepared not, as conventionally,
for a rupture test but for a compression test. This is to be explained,
in the first place, by the fact that the ingot height of 12 - 15 mm did
not permit microspecimens for rupture tests to be cut out perpendicularly
to the axis of the ingot; in the second place, it was impossible to cut
out specimens from the ingot along its axis due to its horseshoe shape
and the uneven distribution of admixtures with respect to ingot length.
Visual examination of various cross sections of an ingot showed that when
beryllium undergoes zone recrystallization in a copper, cooled crucible
at a zone-movement rate of 0.75 mm/min, explicitly expressed acicular
crystallization is observed. The grains grow from the bottom and walls
of the crucible, and bend in the direction of movement of the zone
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(Figure 1). In the upper part of the ingot the grains grow almost parallel
to the ingot axis, forming as it were a zone of platelike grAins. The
length of the grains attains 40 - 45 mm, and their cross section is equal
to 2 x 3 mm.

In order to study the mechanism of deformation of the polycrystal-
line specimens, it was desirable to determine the position of the crystallo-
graphic axes in-the beryllium grains. According to the theory of the crys-
tallization of metals from a fusion, the characteristic direction of growth
for a hexagonal lattice is the direction [1010] [14. X-ray studies of
immobile sectors of an ingot with respect to reflection by the Laue method,
carried out by us with a sharp-focus tube with Cu-radiation, showed that
no sharply defined orientation of the crystallographic axes in the grains
is observed under the given conditions of their growth. The x-ray photo-
graphs obtained make it possible to arrive at the conclusion that the
grains constitute monocrystals with misorientation of the blocks to the
extent of several degrees. Some of the photographs indicate the presence
of second-order symmetry, and permit the supposition to be expressed that
the base plane (0001) is approximately orthogonal to the direction of
grain growth, and deviates by small angles from parallelness with the
crystallization surface. It should be noted that decoding of the epigrams
(rasshifrouka epigramm] also becomes more complicated due to the presence
of spots caused by the reflection of internal (from the point of"view of
the surface photographed) beryllium grains on the planes. This. orienta-
tion is observed in ingot grains at distances not closer than 1 - 1.5 mm
from the bottom and walls of the crucible.

z Figure 1. Diagram of grain growth in a
beryllium ingot in the case of..zone
recrystallization in a copper, cooled
crucible

1 -part of ingot
2 - direction of zone motior

_3 - specimen for testing
4 -direction of grain growth

In the work of Garber et al., (4], an investigation was made of the
anisotropy of the microhardness of a beryllium monocrystal. It was estab-
lished that the microhardness is represented by an ellipsoid of rotation
about a sixth-order axis with an axis ratio equal to 0.6 (along the c6
axis -- 350 kg/mm2, perpendicularly to axis c6 -- 217 kg/m 2 ). Similir
research was carried out by Kaufman and collaborators, and by Russel (6].
They obtained analogous results.
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We measured the microhardness of vertical (transverse to the ingot
axis) sections -after zone recrystallization at various distances from the
beginning of the ingot after a varying number of passes. It was. estab-
lished hat in specimens subjected to the recrystallization zone with a
varying number of zone passes, the microhardness of vertical sections in-
creases from the lower layers to the upper ones. Figure 2 shows the micro-
hardness distribution of one of the vertical (transverse) sections. In
specimens after one and two passes the microhardness of vertical sections
deviated somewhat from the microhardness distribution law shown in Figure
2. Measurement of the microhardness according to the height of vertical
axial sections of the ingot yielded microhardness values that differed
little from one another and that were almost equal to minimal microhardness
values of the upper (transverse) sections. On the basis of microhardness
measurements in comparison to works [4, 51, starting with the consideration
that grains in ingots constitute monocrystals and that crystallographic
axes in the ingots are oriented in almost the same manner, we arrived
at the conclusion that the base plane is, with small deviations, located
in the ingots perpendicularly to the direction of grain growth. This con-
clusion confirmed the results of x-ray research. The position of planes
(1010) and (1IO) in a growing grain was not established.

0

-- - -Figure 2. Yicrohardness of
Csection of vertical cross

section at distance of 105 mm
&4 from beginning of ingot after

IS six zone passes at a-rate of1~ 0.75 mm/min.

0 2 4 £ 1 12 9 It

Distance on height of
ingot cross section, mm.

This conclusion differs somewhat from the one expressed above con-
cerning the characteristic growth direction of hexagonal lattice. However,
as has been shown in the survey work of V. 0. Yesin [61, as metal purity
increases and, consequently, as concentrational overcooling and the crys-
tallization rate diminish, a change can take place in the directions of
the principal growth of the crystals. This has its effect on the change
of the 'rystallographic orientation of the dendritic axes and of the tex-

ture in the acioular zone of the ingot [6]. Martins [31 and Edmunds (71
have shown that, depending on the temperature gradient and the growth rate,
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in the growth of monocrystals in the case of zinc and cadmium the base may
be situated perpendicularly to the axis of the specimen, i.e., parallel
to the crystallization front.

The same should, apparently, be observed in the case of beryllium.
Possibly that is what we did observe, since zone recrystallization takes
place at very low crystallization rates and at small overcoolings. Besides,
it must be noted that crystallization starts at the crucible walls, with
a large number of centers of crystallization with most highly variegated
crystallographic orientation; this must also complicate the crystallization
process.

According to the data in the literature, the value of beryllium
plasticity depends to a great extent on the predominant orientation of the
grains and on their size. Therefore specimens for compression testing were
cut out of the ingot in such a manner that they all have the same position
of the grains and almost the same size. Specimens in the shape of cylinders
were cut out of various sectors of an ingot (beginning, middle, end), per-
pendicularly to its axis, by the electric spark method. Then the specimens
were machined on a lathe to the following dimensions: height 9 t 0.01 iM,
diameter 7 !- 0.01 mm. In the course thereof, layers above and below a
specimen with unclearly defined orientation of the crystallographic axes
in the grains were shaved off during machining. To remove the stresses
that might originate in the specimens during machining the specimens were
annealed at a temperature of 9000 C for two hours. For this they were
wrapped in molybdenum foil, and were placed in a quartz ampoule in which
a vacuum of 10-- mm Hg was maintained during annealing. The surface of
the specimens was painstakingly examined with a microscope in order to
detect microcracks that may originate in the course of electric-spark and
mechanical processing. The base planes (0001), along which, according to
data in the literature, a shift takes place at room temperature, were in
our specimens situated approxdmately at an angle of 500 to the axes of
said specimens.

0-1

I / Figure 3. Compression curves of
- - specimens cut out from a beryllium

ingot after four zone passes

1 - beginning of ingot
/0550 2 - middle of ingot

4> 3 - end of ingot

0 7 1# *

Deformation, %
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Compression tests of the samples were carried out on a TsNIITMAsh-I
rnchine with a maximum load of 4,000 kg with recording of the curve. In
case of the compression of beryllium, load-deformation curves are similar
to the compression diagrams of plastic metals. Figure 3 shows compression
curves of specimens cut out from a beryllium ingot after four passes of
the zone. Compression curves of specimens cut out from ingots after 1, 2,
3, and six passes of the zone are similar. On all curves, the viscosity
platform is missing. This may be explained by an increase in the purity
of the metal and an increase in the size of its grains [81. The results
of compression testing are shown in. the table. From this table it can
be seen that the greatest strength and plasticity is possessed by initial
sectors of the ingots. We have established that in the case of arc-type
zone recrystallization of beryllium, impurities both metallic and non-
metallic are generally shifted to the end of the specimen. The initial
portions of the ingots are freest of all from admixtures. Therefore it
may be considered that as the content of impurities in beryllium increases,
its strength limit and its plasticity diminish. The high values of ul-
timate strength and yield are possibly to be explained by the small dimen-
sions of the specimens. It was visually observed that in compression
testing, some samples curled slightly about their axis. Some of the speci-
mens (predominantly initial ones) assumed a barrellike shape (Figutre 4).

After the deformation of
some specimens with loads below

eT, when their structure was
examined under a microscope wave-
shaped shift patches were observed
in the base plane. With an in-
crease in the loads, cracks appear
in the base plane. At high values
of deformation, i.e., at loads
above O"T, a shift takes place

with respect to the prismatic
Figure 4. Specimens after com- planes, transversely to and along

pression testing (magnified them. It is possible that the
1.5 times)t origination of cracks in the base

plane begins to hinder slippage

along this plane, and the deforma-
tion mechanism in case of the com-

pression of polycrystalline specimens of beryllium changes. One should
not exclude from consideration the possibility that the pronounced block
structure of the grains themselves hinders slippage along the base plane,
and the fact that it is this that explains the high yield value. However,
a shift with respect to prismatic planes does not contribute much to the
value of the deformation. Parallel to said shift, strong slippage was
also observed with respect to grain boundaries, the latter type of slippage
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becoming subsequentl;y the predominant one. Therefore it is difficult to
determine which of them is more responsible for the deformation of poly-
crystalline beryllium at stresses in excess of the yield point. The
deformation value corresponding to the yield point is a)so the greatest
in the specimens from the beginning of the ingots, and rises as the number
of sone passes is increased. It must be noted that study of the deforma-
tion and of the plastic properties of polycrystalline beryllium after zone
recrystallization in a crucible is hindered by the uneven growth of grains
in the ingot. Therefore it would prove useful to carry out research con-
cerning the mechanism of the deformation of polycrystalline beryllium
with normal grain growth.
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INSTALIATICK FOR THE X-RAY STRUCTURAL ANALYSIS

CP RADIOACTIVE MATERIALS

Yu. I. Gribanov
A. G. Karmilov
I. A. Lednev

Investigation of the mechanism of radiation disruptions in the
crystalline lattice of metals and alloys is a pressing task in the con-
temporary science of metals. This research is of applied significance as:
regards reactor construction, since radiation disruptions in the lattice
have a significant effect on the physical and mechanical properties of
structural materials.

The highy developed facilities of x-ray technology are available
for study of the crystalline structure of materials. But samples of mate-
rials exposed to radiation in a reactor have sorong induced activity, and
themselves constitute sources of various types of radiation, the greatest
amount of interference coming from r-radiation. The intensity of the
abovementioned type may exceed by many orders of magnitude the intensity
of a useful x-ray beam. And since every detector of x-radiation is sensi-
tive also to r-radiation, direct utilization of tle methods and apparatus
of x-ray structural analysis under these conditions becomes difficult or
simply impossible.

Of course it is possible to hold the specimen preliminarily for the
period of time necessary for the induced activity to fall off to a suffi-
ciently low level (1, 2]. However, the protracted delay of information
(dozens of months) makes such a method unacceptable in the general case.

In designing installations for the x-ray structural analysis of
radioactive materials, it is necessary to solve the problem of separating
the useful radiation from the interfering radiation on the basis of such
a one of their properties or criteria whereby it is possible sharply to
reduce or completely to exclude the influence of the interfering radiation
on the detector of. the reflected x-radiation.

Attention should also be paid to increasing the intensity of the
primary x-ray beam, for example by the use of sharp-focusing tubes, pulse
feeding, etc. However, serious tchnological difficulties are encountered
in this course. At present, it is considered very advantageous that an
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installation for the x-ray structural analysis of radioactive materials
be produceable from series-produced components und-r the conditions of
an average metal-research laboratory, with a mini 4m of adaptation. All
equipment developed over the past few years manifests a particular reliance
on series-produced components.

Let us briefly consider the operating principles of the currently
known installations. One of the installations (31 consists of a simple
diffractometer in which the x-radiation detector is a scintillation counter
[a photomultiplier with a thin Nal (Tl) crystal]. The influence of the
background is reduced by the use of differential amplitude discrimination.
But the circumstance that the counter is in direct view of the specimen
makes it impossible to work with highly active specimens.

A number of installations have been designed on the basis of the
principle of a double diffractometer, when the diffraction maxima are
registered after they have been reflected from the focusing monochromator
crystal. In such a case protective shields can be installed between the
specimen and the radiation detector.

In the double diffractometer described in reference (W], in the
process of recording the x-ray pattern the lead shields are shifted to-
gether with the radiati on detector, said detector being an end-witidow gas
counter; this restricts shielding thickness. This restriction is removed
if, in place of a counter, a tube is rotated (5].

Since the gas counter is characterized by high background sensi-
tivity and large dead time, in the double diffractometer described in
reference £61 use is made of a proportional or scintillation counter, and
the possibility also exists for amplitude discrimination of the input
pulses.

The use of a scintillation counter is made attractive by the fact
that already at a thickness of 1 mm the Nal (Tl) crystal is almost 1OC%
effective for CuKa x-radiation, and, in addition, its dimensions may be
small. In order to reduce the influence of the background of the photo-
multiplier itself, the level of said background being comparable to pulses
from x-ray quanta, one of the installations described in reference [7)
uses a system of two coincidence-connected photomultipliers operating from
a single crystal.

A very valuable quality of doublb diffracto -s is the fact that a
strictly monochromatic beam arrives at the radiation detector. But double
diffractors also have a number of drawbacks, of which the first that should
be pointed out is the sharp reduction in beam intensity as a result of
reflection from the monochromator crystal. These losses may comprise up
to 9C% of the intensity of the primary beam, this naturally greatly length-
ening the survey time. Intensity losses may be reduced through the use of
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a monochromator bent in two mutually perpendicular directions for the
purpose of obtaining point focusing, but such a monochromator is diffi-
cult to prepare, and the gain from its use is not very great.

Furthermore, the configuration of a double diffractometer is de-
termined by the wavelength of the x-radiation. When tubes are replaced,
the system must be readjusted. In the case of hard radiation, the angle
of reflection from the monochromator becomes small; this makes it difficult
to shield the detector from background radiation. Double diffractometers
are complex in design.

The installation of V. I. Karpukhin and V. A. Nikolayenko is built
according to a different principle. In this installation the radiation
detector is an ionization chamber, the current of which is amplified by
a d-c electrometric amplifier. The component of the chamber current
brought about by the r-radiation of the specimen is compensated for by
means of batteries.

This installation makes it possible to carry out a survey of speci-
mens that possess much. greater activity than can be processed by the
previoua2y mentioned installations. It is distinguished by simplicity
of design and by the absence of heavy lead shields. At the same time the
installation provides a high background level. All the inconveniences con-
nected with the necessity for amplifying small direct currents by means
of batteries are manifested in the operation of this installation.

In all the preceding cases the useful and the interfering radiations
create in the detector signals of one kind -- pulses in counters (although
differing with respect to amplitude), direct current in the chamber (al-
though of differing value). Experience in work with installations similar
to those considered above has caused the authors of the present article to
arrive at the conclusion that, for reliable operation, a qualitative dis-
tinction should be made between the useful and the background signals.
In accordance therewith an installation was designed, the distinguishing
singularity of which is the modulation of x-radiation with respect to
intensity. In such a case there is no particular difficulty in distinguish-
ing a signal by means of a selective amplifier tuned to the modulation
frequency.

Work was started in the spring of 1957, was resumed in 1960 after
a protracted interval, and was completed in the middle of 1961.

It might, of course, be first of all possible in beam-modulation
instal .atione to use tubes with a modulating electrode, but such tubes
are as yet not in series production. Tubes with a split rotating anode
are very complex in design. On the basis of considerations of maximum
simplicity, the URS-5I standard x-ray installation was used as a basis
(g .

- 148 -



There are in principle two ways in which the x-ray beam of tubes
of the BSV type can be modulated: via the power-supply circuits of the
tube and via mechanical interruption of the beam [i0, nii. Preference was
given to the latter method as being the most simple one, although it does
have its drawbacks to which attention will subsequently be given.

Figure 1. Block diagram explanin
4 the principles of the installatin:

1 - x-ray tube
2 -input crack
3-modulator

S-synchronou motor

6 - radiation detector

IV. 12 -power pack

Figure I shows a block diagram of the installation which explains
its operation. Past the input crack, x-rays passing out of the tube window
encounter a rotating disk, the thickness of which is sufficient for com-
plete absorption of the beam, The disk has a specially shaped slit, as a
result of which the intensity of the x-ray beam past the disk varies in
accordance with a sinusoidal law with a cyclical frequency of f equal
to the number of rotations of the disk per second. This same law of in-
tensity change is obviously retained also in the reflected beam. There-
fore the voltage on the integrating fl-C circuit at the output of the de-
tector has two components - a constant one, governed primarily by the
radiation of the specimen itself, and a variable sinusoidal component,
the envelope of which constitutes the diffraction pattern. The signal is
differentiated and amplified by a narrow.-band selective amplifier, is
detected., and passes on to the recording potentiometer.

Let us assume at first that the specimen is inactive and that the
radiation detector is a gas counter with small dead time. Let the dif-
fraction pattern for this specimen be represented by the function wi (p-it),

wheretio.is the angular velocity of rotation of the goniometer, and t in
the time counted off from the meant the gonidmeter passes some position
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assumed to be the initial one. Then at an angular velocity W - 2 ir f
of disk rotation, the intensity of the reflected x-ray beam is

n (t) Cos (a ) i - t

Each 1/7t -th quentum, where 7 is the efficiency of the counter
in relative units with respect to the radiation of a given wavelength,
brings about the appearance of a charge q on the capacitor plates of
the integrating R-C circuit. In the infinitesimally small time interval
from T to V + dr, a charge of k qn (r) dr will go to the capacitance.
By a certain moment in timo t, the size of this charge is reduced to a
value (equalling the origin of the coordinates with the moment Z ) of

kqn(t) " dV. The voltage corresponding to this charge will

be
a-:

du n . (2)

The total voltage at the capacitor in an arbitrary moment in, time
ts thus, will be

U-5 P(V I- CosWr) e dT. (

For the special case of constant intensity N of the primary beam,

Carrying out the integration for this case, after simple transforma-
tions we obtain

where a -- wRC - 2xRC

The angle If constitutes the phase-shift angle between the voltage
curve and the curve of intensity change; W - arc tg a. Here
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The process or establishing the voltage is reflected in expression
(4) by the exponential tev which in a steady process vanishes. The time
of establishment should be assumed equal to about 5 RC.

The variable voltage component at the integrating R-C circuit takes
the amplitude values in the moments in time

(2K+ I)n+$(

where K is any integer or zero.

The steady value of the amplitude is

NM- RU1 - 1-T(7)

It depends on the ratio of the time constant of the integrating circuit
e: -he modulation period, diminishing as this ratio is increased. When

RC a T, for example, the amplitude of the variable component is equal to
0.157 of its maximw possible value. From equation (7) it can also be
seen that, for a given time constant, the amplitude of the variable voltage
component increases as the R/C ratio increases.

For the case of constant intensity of the primary beam, we define
the relative mean-square reading error of the voltage amplitude at the
integrating circuit. First of all it must be assumed that, during the
modulation periods the radiation detecwr registers a sufficient number
M of quanta to form the general nature of a sine law. Hence

v(8)

During the time interval from t to t + dt, the counter will register
dn - )tn(t)dt quanta with a mean-square error of WE - V70 t) idte
At the moment of time t M corresponding to the amplitude of the variable
voltage component, the expected charge from the indicated number of quanta
will be

dQ~m-qn(t)e Od, (9)

and its mean-square error will be

q w -. (1)



Adding the dispersions of all the charges present at the capacitance
at the moment in time tM, and taking into account the fact that du - 1/C dQ,
we obtain the man square of voltage fluctuation for the moment tM

IM  im .- t

(NUM)s nt  ( 1  dt (n)
0

The. selective amplifier passes on2y the variable voltage component
and for determination of the relative mean square of amplitude fluctuation
the ex-ression (II) must be divided by the magnitude UM, deterned from
equation (7), Taking this into account, after substituting expression
(1) and integrating we obtain

-2 t

M 14.' a + 2 (2-+-as) -s
4~N Ii + - -jT +. (12)

For a steady amplitudes the exponential term is equal to zero. Here the
average relative fluctuation of the amplitude is

I . / (4 + as) (I + at) + 2 (2 + as) (31 3) -

F '"m 4 ++as

For operation without modulation the error would be equal to

AUM U )

Thus, for the same time constant of the integrating circuit the mean-
square error under modulation conditions increases (the effect of the
resonance amplifier is not considered here).

When the specimen is radioactive, the Geiger-Miller counter must be
replaced by a proportional counter, a scintillation counter, or an ioniza-
tion chamber. It was at first decided to work with a scintillation counter.
Since the ultimate activity of the specimen would be limited by the satura-
tion current and by the fatigue effects of the last FEU diodes, only the
first two diodes were used in the experiments. The task of the scintilla-
tion counter with it. load circuit was only to transform radiation energy

- 152 -



into electrical voltage, voltages being divided and amplified by a selec-
tive amplifier the amplification factor of which could be adjustd to
,, 107. Use was made of the FEU-31 on account of its comparatively msmll
dimensions. But apparently such purposes would best be served b a
FMK - 1/4 English photomultiplier having but two diodes and an e ltemnl
diameter of about 5 - 6 m.

However the difficulties involved in preparing satisfacory and
durable NaI(TI) crystals, and certain inconveniences in the operation of
scintillation counters under hot conditions, prompted replacement of the
scintillation counter by an ionisation chamber*

When the design of the installation was simplified and its ser'v-c-
ing was made easier, the chamber gave excellent results in operation under
hot as well as under sexihot conditions. It is true that the average read.
ing fluctuation increased somewhat as a result of statistical fluctuationm
of the charge size in the chamber per absorbed quantum,

In view of the fact that the charge formed in the chamber when an
x-ray quantum is absorbed is proportional to the energy of said x-ray
quantum, the chamber possesses certain selective properties with respect
to K-radiation in comparison with a Geiger-Maller counter. Quantitative
data for specific conditions are cited in the discussion of the eperi-
mental curves at the end of the article. 1.

Let us dwell on several singularities of design of 4 diffraoQtwwer
with modulation. The parameters of the installation were appre04MAely
calculated on the basis of equations (7), (8), (13), and ty " 5 M.

Figure 2. Modulators

o - center of rotation
- geometrical center of

internal disk
O" - geometrical center of

external disk
B -maximumheight fbo
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Modulator and drive. The shape and dimensions of the modulator
are shown in Figure 2. The material is brass, 2 mm thick. In preparing
the modulator, the ring and the internal disk are prepared separately,
the latter being soldered to the ring with copper-zinc solder. With the
modulator in a position as shown in Figure 2, the geometrical center of
the ring is shifted downward with respect to the center of rotation, and
the center of the internal disk is shifted upward by a quarter of the
height of the x-ray beam. With such an arrangement, preparation of the
modulator involves no difficulties, and the law of intensity change turns
out to be very close to being sinusoidal. In operation under modulation
conditions, the modulator crack with respect to height performs the func-
tions of an input crack. A drawback of modulators that vary intensity at
the expense of a change in the area (height) of the beam is the necessity
of preparing specimens of a specific height. Modulators of atmospheric
materials with variable thickness were also tested. They are considerably
more complex to prepare; in addition, such a modulator is good only for a
specific wavelength. It turned out to be simpler to prepare specimens
of given dimensions for modulators of the first type; there were two such
modulators, with a maximum crack height respectively of 2 and 3 mm.

The modulator is rotated by means of a synchronous SD-60 meter,
the modulator being fastened directly on the axle of the reducing-gear
box of said motor. The engine itself is fastened to a plate with runners,
said runners being inserted into grooves of the input crack. By means of
the runners, and an index pin provided in the plate, the modulator can be
adjusted for height. Power is supplied to the motor directly from a
220-va 50-cyole line, The initially planned auxiliary power-supply circuit
with a quartz master oscillator proved to be unnecessary. An exterior
view of the modulator and drive, fastened to the table with the tube, is
shown in Figure 3. The modulation frequency is 1 cps.

Figure 3. Exterior view of
modulator and drive,
fastened on table with
tube
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Radiation Detector. A series-produced current-operated MSTR4
counter is used as an ionization chamber. The volt-ampere curve such a
chamber at some intensity of the beam under modulation conditions i shom
in Figure 4. Voltage values of the power supply of the chamber are plotted
along the abscissa, and the amplitude values of the sinusoidal voltage at
its load are plotted on an arbitrary scale along the ordinate. The signal
does not depend on the voltage at the chamber if said voltage remains
within the bounds of 15 - 50 v, and as long as these bounds are not ex-
ceeded radiation of constant intensity has no effect. When the voltage
exceeds 50 v, the mechanism of gas amplification begins to go into effect
and the content of the first harmonic of the modulation frequency In the
signal voltage diminishes. At an ecessively low voltage in the chamber,
a signal reduction is an usual brought about by io recombinationp The
initial voltage in the chamber was established at 45 v.

Uoutput ampitudep v

so -
Wt

Figure 4. Volt-ampere curve of
the current-operated MSTR-5
counter with modulation

Figure 5. Schematic
of preamplifier

Chamber load and premplifier (Figure 5), The chamber load is a
1011 ohm resistance, together with the input capacitance of the preampli-
fier and the assembly capacitance which have a total value of 20 p p f.
Here x-radiation with an intnoity of 50 quanta per second is registered
with a probable error of about 5%.

The preamplifier must possess a high input resistance and should
be able to withhatnd considerable overloads. These requirients are
satisfied by a preampl3fier consisting of two series-co ectaed othode
repeaters. A large resistance of 20 1 obms Is comected to the flament



circuit of the first tube, as a result of which the voltage at its grid
is established at a point close to the cutoff potential, while the plate
current of the tube amounts to fractional parts of a microampere. Thus
both the electron and the ion components of the grid current are set aside.
In the grid circuit there flows a current determined by leakages between
the grid and the other electrodes of the tube. With appropriate processing
of the tube b lb [121, the value of this current amounts (in the case at
hand) to 30-1 a.

Since the output resistance of the first cathode repeater is great,
the signal is picked up from it via a second cathode repeater of the con-
ventional type. The overall transmission factor of the preamplifier is
equal to 0.81. The operation of the preamplifier is not disrupted by
delivery to the input of voltages with a positive polarity of up to 150 v.

For the case of high activity of the specimen, which may bring the
working point of the chamber beyond the limits of the plateau of the volt-
ampere curve, there is incorporated a compensation circuit for change of
the constant voltage in the chamber. The circuit consists of a battery
and a potentiometer, the lower end of the chamber load resistance being
connected to the blade of said potentiometer. Invariability of the working
point is established on the basis of readings from a voltmeter connected
to the output of the preamplifier by means of the tumbler K . the part
of the preamplifier lying outside the dotted line is locate on the control
panel.

The selective amplifier (Figure 6) consists of two three-tube sec-
tions* In each section there are two negative-feedback circuits, one of
which is independent of frequency and embraces the entire section. The
purpose of this negative feedback is stabilization of the amplifier para-
meters. The signal for this feedback is taken off the filament of the
last tube of the section, and is fed to the filament of the first tube
in said section.

The second feedback circuit defines the selective properties of
the amplifier. This feedback is effected through a double T-shaped bridge
from the plate to the grid of tube 1 1 (in the first section) and of tube
7 (in the second section). In order to obtain the required shape of the

selectivity curve (Figure 7), the resonance frequencies of the bridges
differ by 0.04 cps.

The amplification factor may be varied stepwise and continuously
within the bounds of 2 to 107 (at a frequency of 1 cps). The amplification
factor of the first section is equal to 2,000. By means of the switch
/1i , the voltage at the output of this section may be subdivided 10, 100,
and 1,000 times. In addition# at one of the positions of the switch
the signal is taken directly from the plate of the first tube; here the
amplification in equal to 20.
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Continuous regulation of the signal value at the output of the
first sections is carried out by the potentiometer R3 . By means of the
tumbler /2, it is possible to connect to the output of the first section
either the entire second section with an amplification factor of up to
5,000, or only the cathode repeater operating on the basis of tube JI6.

The designation of the remaining regulatory organs is as follows:
The variable resistances R2 and R serve to adjust the amplification factor
to the assigned value in the initial alignment, and the Q-factor of the
double T-shaped bridges is regulated by means of the variable resistances

and R4 . From the amplifier output the signal passes to the bridge
detector, assembled on the basis of DGTs-27 semiconductor diodes. The
rectified voltage is indicated by a M-24 pointer-type instrument . and
is recorded on a EPP-09 recording potentiometer.

It should be noted that when working only with chambers, there
is no need for large values of the pmplification factor. Besides, when
the amplification factor exceeds U0P (this took place in the course of
experimental work with photomultipliers), the amplifier became very sensi-
tive to various kinds of induction, and due to the low resonance frequency
was also very sensitive to Jolts in the power network caused by the switch-
ing oan and off of power equipment operating from the same network. For
these reasons the above-described amplifier was powered by highly stabilized
voltages. Below are cited some results of experimental testing of the opera-
tion of the installation as a whole.

Figures 8a and 8b show lines (111) and (200) of an x-ray pattern of
aluminum. The specimen is inactive. It was in the shape of a 12 x 3 x 2 mm
plate with a polished reflecting surface. The first x-ray pattern was
obtained on a URS-50 I machine in the conventional manner with registration
of the quanta by a MTR-5 gas counter. The second x-ray pattern was ob-
tained with modulation of the x-ray beam intensity and with the MTR-5
counter operated by current. In both cases radiation is of the copper
type, the voltage at the tube anode is 30 kv, the plate current in the
irst case is 4 ma and in the second case is 10 ma. The angular velocity

of the goniometer, as everywhere in the succeeding experiments, is 1 degree/
minute. For convenience of comparative evaluation the peak height was made
approximately equal. The ratio of the integral intensities of cc -lines
(ill) and (200) was in the first case equal to l.05, and in the second
case was equal to 1.042, i.e., the results of the two methods coincide with-
in the limits of planimetry errors.
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Attention should be drawn to the fact that, with modulation, dis-
persed x-radiation is not registered (since it is not modu2.ated) and the
background here is practically absent. This circumstance increases line
resolution and raises the precision of determination of the integral in-
tensity. Hence follows the conclusion of the usefulness of the method oe
modulation with respect to intensity in the analysis not only of active,
but also of conventional specimens.

The ratio of integral intensities of the c - and 4-lines (i1l)
when the counter operates on current increased 108 times1 this being
explained by the "course with rigidity" [ "khodom s zheatkost'yu" ] of the
chamber.

The x-ray patterns cited below were obtained with modulotion of
the intensity of x-radiation. Figure 9a shows the (no) line of the
y'-phase of the UM-9 uranium-molybdenum alloy, and Figure 9b shows an
x-ray pattern of the same alloy after irradiation, where the appearance
or a new phase of oc-uranium is noted. The activity of the specimen
amounted to 0.6 curie.

Figure 10 shows a recording of the intensity curve of the o-lne
(110) from a specimen of stainless steel with an activity of I curie.

It is obvious that the activity of the specimen in case of the
survey method set forth can be very great, and is limited in praotice on3wy
by considerations of personnel safety. At present work is being completod
on automation of the control of a GUR-3 type goniometer insaalled in a
hot chamber. The results of surveys of highly active (several ouries)
specimens will be oommunicated separately.
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